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Foreword

The success of the precursor to this book, originally published in 1992, has led to this
revised work. As I wrote in the foreword to the former: "If your department. . . wants to
learn more about the applications of materials commonly used in constructing scientific
equipment, buy this book." This work still stands alone as a unified source of information
on laboratory materials; fundamentals of measurement, and the laboratory equipment
involved in making measurements; the components and materials involved in fabricating
glass apparatus for normal and reduced pressure manipulations; the handling of laborato-
ry gases; and work at high and low temperatures. Let me direct your attention to two sec-
tions, either one of which will well repay the cost of this volume in just a single applica-
tion. The first is a one-page checklist on "How to Destroy a Vacuum System"; of course
the author's expectation is that you will read this as a manual of what not to do around a
vacuum system! The second is the section on "Leak Detection and Location," an eminent-
ly practical compilation that will save many laboratory workers hours of frustrating labor.

In his years of dedicated service to the science faculty of California State University,
Los Angeles, Gary Coyne has saved many of us those frustrations and has led us to a bet-
ter appreciation of the design, construction, and operation of laboratory equipment.
Scientists everywhere can now be grateful that he continues to share the wisdom of his
experience with them through the medium of this book.

HAROLD GOLDWHITE

Professor of Chemistry, California State University, Los Angeles
and Director, California State University Institute for Teaching and Learning





Preface

I am a scientific glassblower. Although that may not turn many heads, my profession indi-
rectly forms the basis of how and why this book began. As a scientific glassblower at a uni-
versity, I have two primary functions: The first is to make research apparatus, and the sec-
ond is to repair broken research apparatus. In addition to my formal glassblowing duties,
I am often a middle person in the academic hierarchy, since students often find staff less
intimidating than professors. As such, students are likely to come to me with their "dumb
questions" on how to use a piece of laboratory equipment.

When students don't bother (or know) to ask "dumb questions" before proceeding with
their laboratory work, they inevitably come to me with pieces of apparatus for repair. After
repairing the damage caused by the students' ignorance, I talk to the students (and, occa-
sionally, the professors) to see what went wrong (although I usually know from the nature
of the damage), and I guide them toward safer laboratory procedures. From these experi-
ences, I've gained knowledge of the problems that inexperienced people have in laborato-
ries.

This book actually started when I got into a discussion with a professor who had the
mistaken belief that the number designation for an O-ring joint referred to the outside
diameter of the connecting tube. I took a caliper and showed him that the number actual-
ly referred to the inside, not outside, diameter of the hole at the O-ring fixture. This inci-
dent inspired me to write a simple monograph on the identification of standard taper joints,
ball-and-socket joints, and O-ring joints.

I wrote several more monographs, on various subjects, until another faculty member
suggested I assemble them for publication in a journal. After some consideration, I wrong-
ly assumed I had enough information for a book. At the time, I really didn't know enough
to fill a book, but because I was ignorant of that fact, I proceeded, expecting to finish the
book in short order. Some five years later (after much research and learning) I have a book,
a bit more wisdom, and hopefully more knowledge.

The purpose of this book is to provide some basics on the materials, equipment, and
techniques required in a laboratory. In addition to the information on how various proce-
dures are done, I've also added historical and other background information to better
explain how and why these procedures, equipment, and theory evolved. Some readers may
not find all the answers they need, whereas other readers may wonder why obvious infor-
mation is included. Unfortunately, no manual of this type can be all-inclusive, and what
may be obvious for one may be new for another. I apologize for omissions of information
which you hoped to find, and I encourage those of you who found little new to please share
your knowledge.

I am indebted to many of the Chemistry Department faculty at California State
University, Los Angeles, not only for their willingness to answer many of my "dumb ques-
tions," but for their support throughout this whole process. I would be in error if I did not
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single out one special faculty member, Dr. Cathy Cobb, who proofread and served as a
sounding board on various aspects of this book, with whom I co-wrote a paper, and who
has been a special friend. I am also indebted to many strangers, all experts in their fields,
who answered their phones and my "dumb questions."

For the Second Edition

I think that writing a book is a bit like raising a child: You look back with fond memories,
but the actual process can be rather excruciating. So, for someone who's done this once
before, one would think I would know better than to undertake a revision.

The reality was I had several good reasons: Times change and so does equipment. Some
things have improved, others haven't, and in the six years since the first publication of this
book (under the title The Laboratory Handbook), there were various items that needed
updating and/or correction. In addition, looking at something that was written six years
ago, it was possible to find typos and mistakes that had eluded many an eye (or many a
mouth was very polite). These mistakes needed correction.

Please note:

Proper operation of all equipment should be taught to all potential users. Such knowledge
should never be assumed. The most dangerous person in a laboratory, to both equipment
and other personnel, is the person who through pride, ego, or ignorance, claims knowledge
that he or she does not have. It is up to the professor, group leader, or research director to
monitor the quality of technical support and provide additional training as required. A sim-
ple laboratory procedure to provide information to those who need it can be provided by
photocopying all equipment manuals, no matter how seemingly trivial, and placing these
copies in binders for storage in a specific location in the lab where equipment is used. The
originals should be placed in the research director's office and not removed unless new
copies are made as needed.

I would be honored if a copy of this book were placed next to those binders, available
to all.

GARY S. COYNE
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Materials in the Lab

1.1 Glass

1.1.1 Introduction
When one talks of chemistry (in general) or working in a laboratory (in specific),
the average person usually envisions an array of glassware—test tubes, beakers,
coiled tubes, and the like. This list obviously is not the sum and substance of labo-
ratory equipment (or chemistry for that matter), but items made of glass will
always play a predominant role in most laboratories.

Glass is used in the laboratory because it has three important properties. First, it
is transparent and thus allows the user to observe a reaction taking place within a
container. Second, it is very stable and is nonreactive to many materials used in
the laboratory. Third, it is (relatively) easily malleable, allowing new designs and
shapes of apparatus to be created, produced, and, if broken, repaired.

The nature of glass, its structure, and its chemistry, as well as the shapes and
designs made from it, have come from years of development. The standard shapes
of the beaker, Erlenmeyer flask, and round-bottom flask were each developed to
meet specific needs and functions. Variations in wall thicknesses, angles, and
height-to-width ratios are all critical for specific functions of each container.

Before discussing any container, however, it may be best to talk of the contain-
ment material: what it is, what makes it unique, and what are its strengths and
weaknesses. We can then relate these properties to specific types of containers and
know why they are made as they are. By understanding the shape, design, and
function of laboratory glassware, one can achieve greater efficiency and profi-
ciency in the laboratory.

1.1.2 Structural Properties of Glass
The standard definition of glass is a "noncrystalline solid." In 1985, the ASTM
(American Society for Testing and Materials) referred to glass as "... an inorganic
product of fusion that has cooled to a rigid state without crystallizing." However,
since 1985, glasses of organic and metallic materials have been produced. There-
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Silicon

X
Oxygen

Quartz crystal Quartz glass
Fig. 1.1 The molecular structure of a quartz crystal and quartz glass.

fore, a more accurate definition of a glass would be "any material that is cooled
fast enough to prevent the development of crystals." Any further reference to the
term "glass" in this book refers specifically to the inorganic glasses that we nor-
mally associate as glass. As we shall see, this specific type of glass has properties
that facilitate the creation of the "glass state."

The key structural concept of glass, is that it is not a crystal. This concept holds
true for high-temperature quartz glass and for ornate lead crystal glass. A crystal,
by definition, is a collection of atoms in a repeating sequence and form that devel-
ops or has symmetry in its structure. By comparison, the structure of glass at the
atomic level is a three-dimensional web of interconnecting oxides of materials,
frozen in place by rapid cooling. Thus, glass made of inorganic materials may be
defined as a super-cooled liquid composed of a mixture of oxides in a solution.

To better understand what glass is, and why different glasses have different
properties, one should first compare crystals and glass at the molecular level. This
comparison begins with the molecular structure of a quartz crystal. The quartz
crystal is composed of (essentially) pure SiO2, the same molecular composition of
quartz glass, and the chief component material of most glass. The quartz crystal is
a silicon tetrahedra composed of one atom of silicon surrounded by four oxygen
atoms, in a tight three-dimensional network of high-energy bonds. The extra two
oxygen atoms, bridging oxygens, interconnect the silicon atoms into a three-
dimensional network. The left side of Fig. 1.1 illustrates a two-dimensional repre-
sentation of one plane of such a network.

If you take a quartz crystal, heat it until it melts, and allow it to rapidly cool, the
even network of rings is broken into nonuniform irregular chains (see right side of
Fig. 1.1). These glass chains have no discrete crystalline form as they interconnect
throughout the entire glass item. The cooled SiO2 is now called either "fused
quartz," "fused silica", or "quartz glass." The bonds between the Si and O atoms
are still high-energy bonds, and tremendous amounts of thermal energy are still
required to disturb and break those bonds. One can also see from Fig. 1.1 that the
interstice regions in the glass form of SiO2 is much larger than the crystal form.
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The effects of the new molecular arrangement are particularly apparent under the
influence of varying temperature and gas permeability.

When another oxide molecule replaces a silicon oxide tetrahedron, the connect-
ing oxygen atom is considered a nonbridging oxygen. The inclusion of these
materials breaks up the continuity of the structural network and provides the glass
with significant changes in properties. Thus, the uniformity of the bonds within
this glass web does not exist as it once did with pure SiO2. Therefore, significantly
less energy is required to break the bonds than with pure SiO2 glass, and less heat
is required to melt the new glass. In addition, all properties of the glass changes as
the composition of the glass changes. These changes include their optical, ther-
mal, and expansion properties. By changing the raw materials of a glass, various
properties can be enhanced or suppressed by a manufacturer to meet very exacting
requirements.

When a crystal breaks, it tends to fracture on a cleavage plane based on its
molecular structure. That is why a large table salt crystal will break into fragments
that maintain the original geometric shape and surface angles of the original crys-
tal. When glass is broken, only amorphous, irregular shapes remain, because glass
has no structural geometric consistency. This lack of structural consistency occurs
in all glasses, and it is impossible to distinguish one type of glass from another
based on a fracture pattern.*

Another difference between a glass and a crystal is that if you take (for exam-
ple) a cubic crystal of table salt and heat it until it melts, the crystal cube will start
to slump into a puddle at a specific temperature (801°C). The melting and/or
freezing temperature of table salt, as with most materials, is usually considered
the point at which the solid and liquid form of the material can exist together.
Glass, on the other hand, has no single fixed melting point. It maintains its physi-
cal shape after it begins to soften. External forces such as gravity will cause the
glass to sag under its own weight once temperatures are above the softening point.
Gradually as the temperature continues to rise, the surface will begin to lose form.
Then, internal forces, such as surface tension, cause sharp corners on the glass to
round as the glass "beads up" on itself. Eventually, higher temperatures will cause
the glass to collect into a thick, liquid puddle. The term "liquid" here is rather neb-
ulous, because the viscosity of glass is like honey.f The hotter a glass "liquid"
gets, the less viscous it becomes. It is, in fact, the high viscosity of this puddle that
helps prevent glass from crystallizing: As glass cools past the crystallization tem-
perature, its high viscosity inhibits atomic mobility, preventing the atoms from
aligning themselves into a crystalline form.

It has already been mentioned that glass does not have a specific melting tem-
perature. Rather, its viscosity gradually changes as the temperature varies. The
viscosity decreases until the glass is identified as being in a melted state. Thus,

'Because glass fracture patterns are consistent throughout all glass types, these markings can help
provide clues to the origin and cause of glass fracture.

f Quartz glass never achieves this liquid, "honey-like" state.
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glass scientists define important transitional changes based on specific viscosity
ranges of the glass in question. There are four significant viscosities of glass (in
comparison to the viscosity [poises] numbers presented below, the viscosity of
glass at room temperature is 1022+ poises):

1. Strain Point (~10145 poises) Anything above this temperature may
cause strain in glass. Internal stresses may be relieved if the glass is
baked in an oven for several hours at this temperature

2. Annealing Point (=1013 poises) If an entire item were uniformly baked
at this temperature, the item would be relieved of strain in about 15
minutes. The annealing range is considered to be the range of temper-
atures between the strain point and the annealing point.

3. Softening Point (=107 6 poises) Glass will sag under its own weight at
this temperature. The surface of the glass is tacky enough to stick (but
not fuse*) to other glass. The specific viscosity for the softening point
depends on both the density and surface tension of the glass.

4. Working Point (=104 poises) Glass is a very thick liquid at this point
(like honey) and can be worked by most conventional glassblowing
techniques. At the upper end of the working range, glass can be
readily fused together or worked (if the glass is heated too high, it
will boil and develop characteristics that are different from those of
the original glass). At the lower end of the working range, glass
begins to hold its formed shape.

The fact that glass is a solid at room temperatures should not be underestimated,
and the statement "solids cannot flow" cannot be over emphasized. There is a
romantic notion that windows in old churches in Europe (or old colonial homes in
the United States) have sagged over time. The common belief that the glass is
thicker on the bottom than on the top because of such sagging is incorrect. Studies
by F.M. Emsberger, an authority on viscoelastic behavior of glass, showed that
glass will not permanently sag under its own weight at room temperature.

Ernsberger took several V4" glass rods and bent them 1.7 cm off center over a
20-cm span. The amount of bending stress was calculated to be about 150,000 lb/
in.V significantly greater than any stress received from simple sagging. After 26

*Metals can be welded or stuck together so that they cannot be separated. Glass, on the other hand,
must be fused by heating two separate pieces of glass to the point at which they flow together and
become one piece. If glass pieces are simply "stuck" together, it is relatively simple to break them
apart.

+This amount of stress without fracture was accomplished by covering just newly made glass with
lacquer, which prevented surface flaws and surface hydration. Normally, glass cannot receive this
amount of stress without breaking.



Glass 1.1 5

years, one of the rods was released from the strain: within 48 hours it returned to
its original shape.

R.C. Plumb offers an excellent theory as to why old windows are sometimes
thicker on the bottom than on top. He reports that the old technique of manufac-
turing windows involved collecting a large amount of melted glass at the end of a
metal blowpipe, blowing a vase, and attaching the vase bottom to a solid metal rod
called a ponty. The end that was blown into is now removed, leaving an open end
pointing away from the glassblower. By reheating and then rapidly spinning the
hot (soft) vase, the glassblower would use centrifugal force to make the open end
flair out, thus transforming the vase into a flat circular pane up to five feet in diam-
eter. From this pane (or "table," as it was called), the glassblower would cut
square sections. The sections would have varying thicknesses depending on how
far from the center of the "table" they were cut.

Plumb does not offer a strong reason as to why he believes the thicker sections
were placed on the bottom. He states, "It would certainly make good sense to
install the glass with the thick edge down!" I am unaware of anyone acknowledg-
ing if any windows have ever been found to be thicker on the top than on the bot-
tom. It is conceivable that if any such windows were ever noticed, they were
disregarded because they did not fit into the pre-expected pattern of being thicker
on the bottom.

Because of the belief that glass may sag under its own weight, there has been
concern about the storage of glass tubing and rods at an angle. The only danger to
glass being stored at an angle is fear of damage to the ends of the glass. Other-
wise, there is no problem with storing glass vertically, at an angle, or on its side.

1.1.3 Phase Separation

Pure quartz glass, lead glass, borosilicate glass, or any other type of glass that is
clear is in phase. In-phase glass is completely homogeneous throughout. Glass
that has any cloudy nature to its appearance can easily be discerned as being out
of phase or has phase separation. The cloudy nature is due to inseparable phase
(or materials) from the glass phase. As mentioned, glass is glass because it cools
too fast for the molecules to align themselves into their crystalline structure. If
there are nucleating agents that can enhance the growth of crystals or if the glass
is held at too hot a temperature for too long, some crystallization will occur.

Sometimes phase separation can be visually desirable such as that which occurs
in opaline glass. By placing an earth alkali fluoride or phosphate material on the
surface of the glass, the quickly generated fine-crystalline surface disperses light
so efficiently that an opal glow is created. Photosensitive glass is an excellent
example of a more practical/commercial use of phase separation. This phase sepa-
ration is activated by ultraviolet light; and once the ultraviolet light is removed,
the glass rephases to the glassy state.

Phase separation is not always a surface phenomenon. The glass that is eventu-
ally changed into a pyroceramic material has a nucleating agent mixed throughout
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the original vitreous material. After the object has been formed and examined, it is
slowly baked through its phase separation in an oven.

Vycor®, a high-temperature glass that often can be substituted for quartz glass,
is also made by a phase separation process (see page 16).

The phase separation producing opalescence and photosensitivity are produc-
tion-created. That is, during the production of the glass, the phase separation
occurs. The phase separation that occurs with pyroceramic material and Vycor
requires baking the glass at high temperatures for an extended time. This elevated
temperature provides the time for the molecules to align and/or separate them-
selves in a crystalline pattern.

Unfortunately, not all phase separation is desirable. When borosilicate glass is
heated for too long near its annealing temperature, a phase separation will occur.
This tends to exhibit itself throughout the glass, but can only be observed with an
electron microscope. Despite it not being observable to the naked eye, the ramifi-
cations of this separation are considerable. The glass separates itself into two
phases: One is rich in silicic acid, while the other is rich in alkali borate.5 The
result of this change is that the glass has much greater sensitivity to chemical
attack.

The significance of the chemical attack sensitivity can best be demonstrated by
heat exchangers that must deal with high-temperature water. There are several
issues and conditions that come together for this effect:

1. Heat exchangers are made of thick glass.

Because thick glass requires a longer annealing process, there is a
greater opportunity for phase separation to occur.6

2. Due to the manufacturing process, they must go through the annealing
process several times.

Phase separation is a result of the total length of time the glass is
held to high temperatures, not the length of time at any one setting.

3. Glasses with high alkali content are more susceptible to chemical
attack.

Water is not generally thought of as a caustic material, but it can be
to less chemically resistant glass (e.g., lead and soda-lime glass). Even
soda-lime glass that has too great a percentage of soda is more chemi-
cally vulnerable than a soda-lime glass with a lower percentage of soda.
Generally, borosilicate glass is generally very resistant to water. How-
ever, if the alkali concentration is too high (due to phase separation) and
this glass is subjected to high-temperature water (more corrosive than
room temperature water), greater glass erosion can be expected.
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Because the thick glass (of a heat exchanger) that had been annealed several
times is now confronting hot water,* it is more likely to fail (corrode and break)
than other borosilicate glassware.

Aside from being initiated by sitting in hot ovens for too long a period of time,
phase separation can also occur when a glass is worked too long or too often. This
is why glass can only be repaired a limited number of times. After too many
repairs, glass devitrifies (or recrystallizes, a symptom of phase separation) while
being worked (see next section), and this devitrification does not disappear by
heating. There are five items to consider for limiting the possibility, or degree of
phase separation due to annealing operations1^

1. All annealing procedures to which an article is subjected before comple-
tion must be added together.

2. The number of annealing steps should be kept as small as possible

3. Since the level of the annealing temperature and the duration of the
annealing method tend in the same direction (i.e., phase separation),
these should be limited whenever possible.

4. The annealing temperature should not exceed 550°C.

5. Each separate annealing period should not exceed 30 minutes. Should an
article have to be annealed several times, the sum of all annealing
periods should not exceed two hours.

Regardless of the heating processes, phase separation will occur if the glass was
not cleaned prior to annealing. Salts (from finger prints), silicone grease, water
spots, and other contamination can "burn into" the glass, creating nucleation
points from which phase separation will originate.

1.1.4 Devitrification
Devitrification is the recrystallization of glass. Glass that is devitrified appears
frosty (translucent) and is no longer transparent. Devitrified glass is structurally

(Direction (Direction

of motion) Flexing the glass of motion)

Tension

Fig. 1.2 Creating devitrification in glass.

Devitrification on
surface of glass

'Extremely hot water, by its very nature, is significantly more corrosive than room temperature
water which compounds the problem.

trThis list is provided by Glass Warehouse, with permission.
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weaker and is more vulnerable to chemical attack. If a glass is held within its crys-
tallization temperature* for a sufficiently long time, phase separation occurs and
the atoms have time to align themselves into a crystalline structure. Once the tem-
perature is allowed to drop, the glass becomes increasingly more viscous, until it
cannot further devitrify.

There are several ways to force glass to devitrify (whether devitrification is
desired or not). One technique is to heat the glass until it begins to soften, then
mechanically work, or flex, the glass while it cools. Eventually a whitish frost will
appear on the surface in the region of compression (see Fig. 1.2).

The risk of devitrification rises the longer a glass is kept in a softened or melted
state, and it is also linked to how dirty the glass is. Devitrification typically begins
as a surface phenomenon, using either dirt or some other surface defect as a nucle-
ation point.7 The devitrification process may be assisted by variations in the exte-
rior composition (which is typically different from the interior) of a glass object.8

These variations may be the result of flame-working the glass, surface contamina-
tion, or chemical attack.

Devitrification can often be removed by reheating a glass up to its melting tem-
perature and avoiding any mechanical action while it recools to a rigid state. How-
ever, if a glass is overworked or dirty when originally flame-heated, removal of
the devitrification may be impossible. If glass has been held too long at an anneal-
ing temperature or has been repaired too often, it may not be possible to remove
the devitrification.

Mechanical stress is not a requirement for devitrification. The phenomenon is
also common in quartz glass furnace tubes maintained at high temperatures for
extended periods of time. Devitrification of silica occurs at increasing rates from
1000°C to 1710°C, which is the crystallization temperature and melting point
range of B-cristobalite.1^ Insufficient surface cleaning and very slow cool-down
times typically facilitate devitrification on these tubes. Early-stage devitrification
on a quartz glass furnace tube may be removed by a hydrofluoric acid dip. This
cleaning procedure can remove only surface cristobalite. Devitrification deeper
than surface level cannot be removed.

The best way to limit or prevent devitrification on quartz glass is to ensure that it
is maintained scrupulously clean: No fingerprints, oils, dirt, or chemicals of any

*The specific crystallization temperature is not commonly identified, but typically is between the
annealing and softening points.

^-Cristobalite is transparent. We do not normally consider devitrified glass as a transparent mate-
rial. However, once fused silica has cooled below 250°C, 6-cristobalite is transformed into a-cristo-
balite. This substance is the white opaque material we usually associate with devitrified silica. When
fused silica is reheated into the devitrification range, the a-cristobalite turns back into 6-cristobalite.
However, because a-cristobalite has many fissures and cracks, the opacity remains when it is
reheated back into fi-cristobalite.
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kind should get on the surface. Also, temperatures above 1200°C should be lim-
ited as much as possible.

Note that devitrification is a nucleation process. That is, devitrification does not
confine itself within the area where it begins. Rather, once started, it spreads like
mold on a piece of fruit. Thus, a drop of tap water, a fingerprint, or any other
localized contaminant can initiate devitrification, which can then spread over the
entire surface of the container.

Quartz is not the only glass that is prone to premature destruction due to devitri-
fication. Aluminosilicate glass (see page 14) used on halogen lamp bulbs are also
prone to this problem. Handling halogen lamp bulbs with bare fingers can signifi-
cantly decrease their operation life by depositing fingerprint oils on the surface.
To maximize the life of halogen lamp bulbs, they should only be handled with cot-
ton cloves. Although cleaning the bulbs after handling will help, it is best not to
handle them at all.

1.1.5 Different Types of Glass Used in the Lab

Different properties of glass can be exploited by combining different oxides in a
glass mix. There are thousands of different commercially made glasses (although
many of these glasses overlap in type and characteristics). The glass used in a lab-
oratory can be divided into three major categories: soft glasses, hard glasses, and
high-temperature and UV-transmission glasses. Table 1.2 in the next section lists
selected properties of these various glasses.

Among the properties of glass that are of particular interest to glass scientists
are its expansion properties (the amount of size increase in relation to tempera-
tures increases, refractive index (how light passes through the glass), viscosity
(the consistency of the glass as temperature increases), and its dielectric proper-
ties (how electrically resistant the glass is at various temperatures).

One of the problems with glass composition and its relations to its properties is
that many of the properties change depending on its temperature. For example, as
glass gets hotter, it becomes less electrically resistive while at the same time per-
meation rates increase. Thus, one may need to consider the temperature the glass
will be used in while selecting a glass for specific purposes.

When creating a glass, one has to watch all the properties. This is because as
you increase one material to obtain certain desirable properties, other properties
are likely to change which may or may not be desirable. For example, by adding
PbO to silicate glass, there is an increase in viscosity while at the same time there
is a decrease in electrical resistivity.9

This section occasionally lists the contents of glass types. The glass industry
typically lists the component chemicals of glass in their oxide states as percent-
ages of total weight. Chemically speaking, this practice does not make sense
because when you add CaO and Na2O to SiO2, you are actually adding Ca + 2Na
+ Si + 4O. Chemists do not consider this industrial approach proper because it
does not look at the reaction from a proper chemical perspective. Regardless, I
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shall defer to the industry standard simply because it is easier to explain variations
in glass properties according to changes in concentration percentages. In addition,
this convention is used because these materials must be added to a glass melt in
their oxide states or they will not "glass."

Please note: Glasses of different compositions should never be mixed together
for recycling. Therefore, you should never take a box of used and/or broken glass-
ware from the lab to the local recycling yard. For one thing, you risk contamina-
tion by toxic materials left on inadequately washed broken glassware (which
could violate environmental laws). Equally important, if glass of the wrong type
should be mixed with commercially recyclable types of glass, an entire glass melt
would be wasted. From an environmental standpoint, the best thing you can do in
the lab is to avoid waste and carelessness. Damaged glassware should be dis-
carded in a proper receptacle. Final disposal of glassware depends on its history
and contaminants. For example, nontoxic materials can be sent directly to a land-
fill, but bio-organic residue may need to be sterilized before disposal. Glassware
contaminated with heavy metals or radioactivity may require disposal at an
appropriate hazardous waste disposal site.

The Soft Glasses. The soft glasses receive their name identification by the fact
that they are physically softer than other glasses; that is, they abrade more easily.
In addition, these glasses tend to maintain their soft working properties over a
greater temperature range. Thus, they remain "soft," or workable, longer than hard
glasses.

Commercially soft glass is used in items such as window panes, bottles, jars,
and drinking glasses. Soft glasses can take colors readily (as brown and green bot-
tles show and as do the many hues and colors that are created by artisans such as
the Italian glass masters).*

The most common soft glass is soda-lime glass. The soda is a carbonate of
sodium or sodium oxide (Na2O), and the lime is calcium oxide (CaO) or magne-
sium oxide (MgO). The materials for this glass are relatively inexpensive, and
because of its lower energy demands (lower melting temperatures) and long work-
ing times, it is the most inexpensive to manufacture. This glass is also easily recy-
cled.

Not all soft glasses are of equal quality: some are significantly inferior to others.
The quality of a soft glass may be based on the proportions of its constituent
materials. Typically, lime is present in concentrations of 8% to 12% (by weight)
and soda in concentrations of 12% to 17% (by weight).10 If lime concentration
levels are too high, devitrification can occur during the manufacturing process.
Conversely, if the lime is held too low (or the alkali concentration is too high), the
glass is subject to easy weathering and attack by water. Thus, drinking glasses that

Often, the colors you see on glass animals (made out of borosilicate glass) are acrylic paint, but
there are now borosilicate glasses that are colored and readily available.
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spot easily and are difficult to clean may be the result of a low lime or high alka-
linity concentration glass rather than bad soap or hard water.

An extreme example of a glass that can be easily weathered is sodium silicate,
also known as soluble silicate or, informally, waterglass. The sodium content in
sodium silicate is so high that the glass can be dissolved in water and shipped as a
liquid glass. Sodium silicate is used as an adhesive, cleaner, and protective coating
material.

Sodium silicate is stored and shipped as a liquid, but when exposed to air, it will
turn into a hard, glass-like material. In reality, it is a glass in a totally anhydrous
form; the sodium hydroxide content is 34% by weight, and the remaining 66% is
silicon dioxide. These proportions are theoretical, however, as an anhydrous
sodium silicate is not really possible because it would always be absorbing water
from the air.

When sodium silicate is shipped, its contents are typically
-27% SiO2

-14 % NaOH

=59% H2O

These proportions are all approximate because the water percentage can vary
significantly. Once the water has evaporated from the sodium silicate, there is still
a high level of water left behind. The dried sodium silicate will have the following
approximate contents (by weight), although the actual percentages will again vary
depending on the atmospheric water:

-49% SiO2

-26% NaOH

-25% H2O

Note that although dry soda content would normally be listed as Na2O, in
sodium silicate all the soda is hydrated and, therefore, is identified in the form
NaOH.

Many disposable glass laboratory items are made of soft glass. If a laboratory
glass item does not specifically bear one of the words Pyrex®, Kimax®, or Duran®
in printed or raised letters, it is likely to be a soda-lime type of glass.

Beginning chemistry students usually receive their first glassblowing lesson
using soft glass tubes over a Bunsen burner to make bends or eye droppers,
because only soft glass is malleable at Bunsen burner temperatures. Thus, if you
have a glass tube soft enough to bend over a Bunsen burner, it is a soft glass. Cur-
rently, only Wheaton Glass and Schott glass make soda-lime tubing. Wheaton's
glass can be purchased from either Wheaton or Friedrich & Dimmock. Schott's
soft glass (AR) can be purchased from Schott or from Glass Warehouse. (See
Appendix C for addresses and phone numbers.)

The other common soft glass is lead glass. Commercially, we see this glass in
lead crystal glass, where 22-25% (by weight) of the component material is PbO2.
Although misnamed as a crystal, lead crystal glass nevertheless has beautiful opti-
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cal properties that are often associated with crystals. The high refractive index of
lead glass (one of the highest refractive indexes of all glasses) is the foundation
for its effects with light. The other important property of lead glass is its high elec-
trical resistivity. A typical lead oxide glass may be 100 times more electrically
resistive than a soda lime glass. A side property of lead crystal glass is its reso-
nance: Decorative bells of lead glass have a beautiful chime, while those of boro-
silicate glass often have a dull, dead "clank."

One additional application in the laboratory for lead glass is as a shield to pro-
tect workers from the harmful rays produced by x-ray machines. For example, the
glass window behind which an x-ray technician stands is made of lead glass.
These windows can be made of up to 75% PbO2. This greater quantity of lead
oxide in this glass makes the glass three times heavier (6.0 gm/m3) than standard
laboratory borosilicate glass (2.1 gm/cm3).

Lead glass is very vulnerable to impact abrasion (it is almost twice as soft as
soda-lime) and can be extremely sensitive to temperature changes (temperature
induced failure is common in lead glass). On the other hand, as previously men-
tioned, lead glass is among the most electrically resistive glasses available.
Because of that property, lead glass is one of the chief glasses used in electrical
components. Neon signs and TV tubes are typically made of lead glass. (Borosili-
cate glass is being used more and more often for neon work.)

Another term for lead (or lead-potash-silica) glass is flint glass. This name can
be confusing, because the term has two other meanings in the glass industry: It is
used by the container industry to connote colorless glass. The term flint glass is
also used by the optical glass industry to connote glass that has a high refractive
index and dispersion* of optical rays. (Soda-lime [or potash-lime-silica] glass has
a low refractive index and dispersion of optical rays. It is called crown glass.)

In addition to soda-lime and lead glass, there are several "speciality" soft
glasses in the laboratory. One of the more notable is Exax® made by the Kimble
Corporation. This glass repels a static charge, making it particularly useful for
holding or weighing powders.

The biggest drawback with all soft glasses is that any apparatus made with these
glass types are essentially nonrepairable. Because of their relatively high thermal
coefficients of expansion, they are likely to shatter when the flame of a gas-oxy-
gen torch touches them. Additionally, replacement soft glass components such as
stopcocks and joints are generally not easily available. Thus, unless an item has
particularly unique qualities or value, the cost of component repair is far greater
than wholesale replacement. Although soft glass items may be less expensive ini-

*The dispersion of glass is related to its index of refraction and is based on an analysis of the pas-
sage through the glass of a yellow helium line (587.6 nm), blue and red hydrogen lines (486.1 and
656.3 nm, respectively), and green mercury line (546.1 nm).



Glass 1.1 13

tially, their long-term costs can be much greater than the more expensive (but less
expensively repaired) borosilicate ware.

The Hard Glasses. Borosilicate glass,* the most common glass found in the
laboratory, is one example of a hard glass. It is considered a hard glass for two
reasons. First, its ability to resist impact abrasion is over three times the level of
soft glass. Second, it sets at a higher temperature and thus, gets "harder" faster.
(This second quality was a physical characteristic that scientific glassblowers
found particularly challenging in the early days of borosilicate glass.) Finally,
because the hard glasses have much lower thermal coefficients of expansion than
do the soft glasses (see Table 1.2 to see the thermal coefficients of expansion for
various glasses), they can withstand much greater thermal shocks than soft
glasses. The hard glasses are also more chemically resistant to alkaline solutions
and many other chemicals.

Commercially, borosilicate glasses are found in many consumer products. In the
kitchen, oven windows, baking containers, and cooking pot lids all take advantage
of the thermal strength of borosilicate glass. In addition, measuring cups are also
made out of borosilicate glass, not only for their thermal abilities (like pouring
boiling water into a cold measuring cup), but also for their ability to withstand
abrasion and impact. Measuring cups are typically nested (smaller cups placed
within the bigger cups) and banged around in cupboards and drawers. Borosilicate
glass is also used for automobile headlights, as well as for floodlights used in
indoor/outdoor lighting.

There is more than one brand and type of borosilicate glass. Pyrex® (by Corn-
ing), Kimax® (by Kimble), and Duran® (by Schott) are all brand names of partic-
ular borosilicate glasses of similar composition made by different companies.1

The term "Pyrex" is to borosilicate glass as "Xerox" is to photocopying equip-
ment: It is an almost generic term. There is little difference between the products
of these three major companies as far as the chemical makeup of the glass is con-
cerned; in theory, they are all interchangeable. What is important to the user, how-
ever, is the quality of the glass itself and the quality and uniformity of its
manufacturing.

Borosilicate glass is chemically more resistant than soft glasses and will there-
fore resist the weathering effects of standing water better than soft glasses.
Although they are resistant to most chemicals, hard glasses are still susceptible to
damage from hydrofluoric acid, hot phosphoric acid, and strong alkali solutions.

*Any glass containing 5% or more (by weight) of B2O3 (boron oxide) is considered a borosilicate
glass.

tAlso, not all borosilicate glass is the same chemical mix as these glasses. The borosilicate glass
used in pipettes is designed for greater chemical resistivity and cannot be sealed to other laboratory
ware such as a beaker.
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You should never store any of these solutions in a glass container. A weak
alkali solution should not be left for any extended time.

Although the susceptibility of a glass container to chemical attack is a common
consideration, there is another issue which is seldom raised: What effect does the
consumed glass from a container have on the solution inside the container? A.
Smith studied the effects of a borosilicate glass container (an Erlenmeyer flask) on
sodium and potassium hydroxide solutions of varying molarities at both room
temperature and boiling point.12 The percentage of molarity change was greatest
(approximately a -17% change)* when a low-molarity solution of 0.001148 M
aqueous NaOH was boiled. Higher molarity solutions (0.1116 M aqueous NaOH)
still provided an impressive change when boiled (approximately -3%). Changes
were even evident (approximately -0.02%) when the solution (0.1029 M aqueous
NaOH) was maintained at room temperature.

Other common borosilicate glasses are used on pipettes. These borosilicate
glasses are more chemically inert than common laboratory borosilicate glass.
Their different composition makes them unable to be fused directly to common
laboratory borosilicate glass; therefore, they require use of what is called grading
glass (see Sec. 1.1.6) between this glass and other borosilicate glasses.

One special category of hard glasses is the aluminosilicate glasses. They are
made by the addition of alumina (aluminum oxide) to the glass mix. Aluminosili-
cate glasses are used in high temperature lamps because they maintain higher vis-
cosities at higher temperatures. Thus, they maintain their shapes at temperatures
that would cause borosilicate glass to sag. Aluminosilicate glasses are principle
components in many ceramics and fiberglass, and (along with the lead glasses)
they are used in many electronic applications. In addition, aluminosilicate glasses
are used in mass spectrometers, atomic clocks, and magnetometers. Aluminosili-
cate glass is also used extensively in halogen bulbs.

The other main attribute of aluminosilicate glass is it's ability to contain helium.
Most glass containers cannot contain helium for extended periods of time,
because the small atoms leak past the glass' molecular network. Aluminosilicate
glass is considered helium leakproof and is used to contain helium for long peri-
ods in a laboratory glass system.

To appreciate the differences that different compositions of glass can effect the
diffusion of helium through glass, Souza13 interpolated the data of Altemose14

into actual time. Across a given glass thickness, helium would take two months to
cross quartz glass; two years to cross Pyrex, and 20,000 years to cross 1720 glass.
It would also take some 1.6 million years to cross quartz crystal/ but since quartz

*The approximate percent change is used because four tests were presented for each value. I have
presented average figures for these tests.

fKohl points out that the diffusion past quartz glass is 10 million times greater than quartz crys-
tal.
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crystal can't be manipulated to other shapes without changing it into quartz glass,
this advantage would be lost.

Aluminosilicate glass is very difficult to work with because it is very prone to
reboil. That is, while bringing it a working temperature, the glass develops bub-
bles over the surface that are impossible to remove. One other challenge with alu-
minosilicate glass, which is different from other glasses, is that you can't clean it
with hydrofluoric acid (see Sec. 4.1.10). If attempted, it will cause the surface to
develop a translucent sheen that is also impossible to remove. It is safe (for the
glass) to clean the surface with nitric acid.

The High-Temperature and UV-Transmission Glasses. The last types of
glass found in the laboratory are the quartz and UV-transmission glasses. From
the many names that are used to describe this type of material, there may be con-
fusion as to what to call it. It is often just called quartz, but this name can be
deceiving because the term quartz could equally refer to the mineral quartz*
(which is a crystal) or amorphous silica (which is a glass).

Historically, fused quartz referred to transparent products produced from quartz
crystal rock, and fused silica referred to opaque products produced from sand.
With the advent of new manufacturing techniques, transparent products can now
be produced from sand, so the old distinction is no longer applicable. Currently,
the term fused quartz is used whenever the raw product is either quartz rock or
sand. The term fused silica is used whenever the raw product is synthetically
derived (from SiCl4). Generically, the term quartz glass or, better yet, vitreous sil-
ica can be used to cover the whole range of materials.

The average consumer is only likely to come across vitreous silica when pur-
chasing special high-intensity, high-brightness light bulbs for specialized lamps
such as stadium lights, flash lamps (for cameras), or stroboscopes. Because of its
purity, vitreous silica is essential in the manufacture of many consumer products
that would otherwise be impossible to manufacture. One such product is the ubiq-
uitous silicon chip that controls everything from computers and calculators to toys
and cars. To maintain the purity of chips during construction, the silicon wafers
are baked in large tubes of ultrahigh-purity fused silica. ̂

Whereas other glasses obtain their unique properties by the addition of various
oxides, the lack of other materials provides quartz glasses with their unique prop-
erties. Most distinctive of all quartz glass characteristics are their thermal and UV-
transmission abilities. Unlike other glasses that deform and/or melt at tempera-
tures in excess of 1200°C, quartz glass maintains a rigid shape. In addition, quartz
glass has an extremely low thermal coefficient of expansion (approximately 5.0 x
10"7 Acm/cm/°C), meaning that it can withstand thermal shock that would likely
shatter all other glasses. Furthermore, although all transparent materials limit var-
ious frequencies of light, quartz glass has the potential to transmit the broadest

Silica, or SiO2, occurs in nature as quartz, cristobalite, or tidymite.
+Fused quartz is likely to have sufficiently high impurity levels to jeopardize the purity (and

thereby the quality) of the final product.
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spectrum of light frequencies. However, not all types of quartz glass transmit light
equally well: Basically, the purer the material, the better the UV transmission.

As just stated in the above paragraph, not all quartz glasses are alike. Although
quartz glass is often called pure SiO2, it can also contain impurities such as alkali
metals, hydroxyls, and oxides. These impurities come from the raw materials and/
or manufacturing process. Although these impurities typically are less than 1%
and can extend down to the ppb (parts per billion) range, they affect the character-
istics of the quartz glass.

The manufacturing processes that limit and/or eliminate these impurities are
costly. Thus you select quartz glass first on a basis of intended use^ then on the
basis of cost. For example, fused silica with a high hydroxyl (OH ) content will
have a significant transmission drop at 2.73 urn in the infrared range. On the other
hand, if the infrared range is being absorbed, less energy is required to fabricate
items from this type of quartz glass, resulting in lower manufacturing costs.

Currently, either extremely pure quartz crystals (sand) or silicon tetrachloride
(SiCl4) are the raw materials from which quartz glass is made commercially. Sand
must be separated, sometimes by hand, to exclude any particles with obvious
impurities. Then, through one of four heating techniques, raw SiO2 is melted and
formed directly into tubes, rods, or crucibles, or it is formed into large solid ingots
of quartz glass for later manufacturing.

There are four types of manufacturing processes for quartz glass (Table 1.1
shows a categorization of commercially available quartz glasses):

1. Type I: Natural quartz is electrically heated in a vacuum or inert atmo-
sphere (at low pressure). This glass is low in hydroxyl content but
high in metal impurities.

2. Type II: Natural quartz is heated in a flame. This glass has about the
same metal impurity levels as Type I but a much higher hydroxyl con-
tent.

3. Type III: Synthetic quartz is heated in a flame (for example, an oxy-
hydrogen flame). This glass is extremely high in hydroxyl content but
very low in metal impurities (except Cl, which can be as high as 50
ppm).

4. Type IV: Synthetic quartz is electrically heated. This glass has an
extremely low hydroxyl content, but with the absence of hydroxyl,
chlorine is increased.

There is one unique type of high-temperature glass, manufactured by Corning,
called Vycor. Rather than starting out with (essentially) pure silicon as the core
material, Vycor starts out as a borosilicate glass with a slightly greater amount of
boric oxide than 7740 glass. Then, using phase separation by extended annealing
at very specific temperatures (see Sec. 1.1.3), the glass is separated into two
glassy phases. Once the phase separation is complete, the glass is particularly vul-
nerable to attack by water and acids, this allows the leaching out of the soda and
boric oxide, leaving about 96% pure SiO2. Then, by heating the porous remains to
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Table 1.1 Categorization of Commercially Available
Vitreous Silicas16 18

"type

Natural

I

II

Synthetic

III

IV

Raw
Material

Manufacturing
Method

Impurity
Levels

OH1

Content
(ppm)

Examples

Natural
Quartz

Quartz
powder

Electrical fusion

Flame fusion
(Vemeuille pro-
cess)

Al: 20-100
Na: 1-5

- Type I

<3

100-400

GE 214,510®
Infrasil®
IR-Vitreosil®

Herasil®

Homosil®

Optosil®

O.G. & O.H. Vitreosil®

SiCl4

SiCl4

Flame hydrolysis

Plasma oxidation

Metals: <1

Cl: 200
Metals: <1

1000

<1

Suprasil®

Spectrosil®

CGW 7940®

Dynasil®

Synsil®

Suprasil®
Spectrosil WF®
Corning 7943

1200°C, the material shrinks to a nonporous glass with a coefficient of expansion
of 7 x 10"7 Acm/cm/°C, making it essentially as resistant to thermal breakage as
quartz glass.

Vycor will deform and melt about 100°C lower than fused silica, and it is a poor
transmitter of uv light. In the early years of Vycor production, Vycor was signifi-
cantly less expensive than pure quartz glass. However, as the manufacturing tech-
niques of pure quartz glass have become more efficient, Vycor is now the more
expensive material.

It would seem that there would not be much of a market for Vycor because
fused silica has (seemingly) better properties and is less expensive. However,
"better" has always been a relative term, and this case is a classic one of such rel-
ativity. It turns out that some of the undesirable properties of Vycor actually
become assets. The lower temperature required to soften and/or melt Vycor means
that less energy is required to form and shape the material. Also, Vycor maintains
its liquid state over a wider temperature range than fused silica,* thus making it
easier to fuse it to other Vycor or fused silica items.

Vycor has a thermal coefficient of expansion of 7.5 x 10"7 Acm/cm/°C and can
be fused directly to fused silica. This property has provided an excellent technique

In a narrow temperature range, fused silica becomes soft, melts, and then volatilizes. Because it
maintains a relatively high viscosity once melted, it does not fuse easily.
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for fusing a borosilicate glass to a quartz glass. Normally, to make such a seal, a
combination of three intermediate glasses fused between the outer two is required.
The union of each intermediate glass is under strain, albeit within a tolerable
range. However, during Vycor manufacturing it is possible to remove the non-
SiO2 materials using a controlled, tapered process. This creates a section of glass
which can provide an infinitely graded seal between fused silica and borosilicate
glass with no significant strain.

In addition, Vycor can be shaped and/or formed while in its borosilicate state
before it is transformed into Vycor. Thus, molded, pressed, tapered, and other
shapes that would otherwise be very difficult, expensive, and/or impossible in
fused silica can be done (relatively) easily with the pre-Vycor material with much
less energy. Once the manufacturing is complete, the glass can then be processed
to Vycor.

Because Vycor already carries about 4% impurities, it is safe to "dope" Vycor to
obtain characteristics such as color or UV opacity. Any similar doping of fused
silica would alter the characteristics that pure silica strives to achieve.

Finally, Vycor devitrifies far less than fused silica. Therefore, if you do not
require ultrapure baking environments (similar to those demanded in the silicon
industry), furnace tubes made from Vycor may be cheaper in the long run than
those made from less expensive fused silica.

1.1.6 Grading Glass and Graded Seals

Grading glass, made from a wide variety of materials, is used to seal glasses with
different thermal coefficients of expansion (see Table 1.2). For example, you can-
not fuse a pipette directly onto a round-bottom flask because the thermal coeffi-
cient of expansion for the pipette is about 51 x 10~7 Acm/cm/°C and the thermal
coefficient of expansion for the round-bottom flask is about 32 x 10"7 Acm/cm/°C.
This range of expansion is too great for a direct seal, and the stress created at the
seal will cause failure at the union. However, if a third glass, with a thermal coef-
ficient of expansion of about 40 x 10"7 Acm/cm/°C, is introduced between the two,
the stress between the round-bottom flask and the third (grading) glass is within
tolerable limits, as is the stress between the third (grading) glass and the pipette.
The strain is split into smaller "steps," which will permit the final product.

Graded seals can be used to join not only different borosilicate glasses, but dif-
ferent types of glasses (and even metals) of different thermal coefficients of
expansion. Obviously, it is most efficient and desirable to select glasses and met-
als with close thermal coefficients of expansion, because it reduces the amount of
stress with which the glassblower must deal.

Metals can be sealed directly onto glasses even though they may have radically
different thermal coefficients of expansion. For example, copper or stainless steel
can be sealed directly to standard laboratory borosilicate glass. However, to do
this sealing, the metal must be machined so thin that any expansion is so (rela-
tively) small that it doesn't overwhelm the glass. Unfortunately, by making the
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metal so thin, it becomes mechanically weak. Another option is to use Kovar® (an
alloy composed of cobalt, iron, and nickel), which has a relatively low thermal
coefficient of expansion. Although it requires two grading glasses to seal it to
common laboratory borosilicate glass, Kovar does not have to be machined thin
and therefore maintains greater strength than do machined metals. Often the
advantages far outweigh the extra effort involved in making the graded seal.
Kovar is easily soldered or welded to other metals for vacuum-tight seals.

1.1.7 Separating Glass by Type

Because laboratory glassware may be manufactured from a variety of different
types of glass, such varied glass can become mixed up—potentially leading to
confusion or later problems. It is important to either maintain different types of
glassware separately or be able to tell them apart. Although the former approach is
preferred, the ability to identify and separate glass is important not only to save
time, but also for safety and even the integrity of your experimentation.

Typically, only a few commercial soft glass items may work their way into a
research lab. Such items as student ware graduated cylinders or burettes are
readily identifiable, and since these items shouldn't be heated, are unlikely to
cause damage. Specialized or custom made glassware may not be as easily identi-
fiable and therefore may require some analysis.

Soft glasses, hard glasses, and high temperature glasses all look the same—like
clear glass—and therefore may be hard to separate. The process to separate glass
may be either destructive or nondestructive. Destructive techniques involve doing
some permanent physical change to the glass, after it which will never be the
same. Nondestructive techniques, obviously, are preferred if you wish to preserve
all of your laboratory glassware. A listing of important properties of various
glasses are shown in Table 1.2.

Logical Deduction and Observation (Nondestructive). By logically deducing
what you are likely to have in your laboratory, it is often simple to separate differ-
ent types of glass and glass apparatus. For example, fused silica or quartz glass-
ware is expensive. Unless there is a specific demand or need for fused silica in
your lab, it is extremely unlikely that you have any. Thus, there is generally no
need to look for things that are not likely to be there. (One exception to this is if
you have any UV cells.)

Glassware identified with ceramic decals or raised letters saying "Pyrex,"
"Kimex," or "Duran" are exactly what they say they are.* Pipettes from Kimble
may be identified as "Kimex-51®" and are not the same as Kimble's common lab-
oratory borosilicate glass (KG 33). Pipettes from Corning use a lab glass called
"Corex®," which is also different from Coming's common laboratory glass
(7740). If a commercial container (as opposed to something custom made)

Prolonged cleaning by base baths or HF can remove ceramic markings.
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Table 1.2 Characteristics of Specific Glass Types"

Glass Type

High lead*

Potash soda leadc

Soda-lime''

Common lab

borosilicate''

Soda barium boro-
silicate^

Aluminosilicate5

Vycor®'1

Fused silica'
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1.97

1.539-
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1.52

1.474

1.491

1.530-
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1.459

" Except where otherwise noted, these data are compiled from Properties of Coming's Glass and
Glass Ceramic Families by Corning Glass Works, Corning, New York 14831, ©1979. Ranges indi-
cate a small family of glass types with similar characteristics.
* This glass is for radiation shielding. The data are from Engineering with Glass by Corning Glass
Works, Corning, New York 14831, ©1963.
c This type of tubing is commonly used on neon signs.
rfThis information is based on Kimble Glass type R-6, compiled from Kimble Glass Technical Data
by Owens-Illinois Inc., Toledo, OH 43666, ©1960.
' Most laboratory glassware is made from this glass.
^Pipettes and other pharmaceutical items are made from this glass.
g Aluminosilicates are used for ignition tubes, for halogen lamps, and for containing helium.
h Vycor® is 96% silica glass.
' Fused silica is essentially pure silica with few impurities.

doesn't have the words Pyrex or Kimex somehow attached to it, it is invariably
made of soft glass.

Glassware that has bends and/or has been fused to other pieces of glass will be
either common laboratory borosilicate glass or fused silica. Any soft glass made
into laboratory apparatus is for special application or, more likely is very old (and
ought to be in a museum).

Sighting Down the End of a Glass Tube or Rod (Nondestructive). Even
though most glasses will look the same when observed from the side, looking at
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glass end-on will exaggerate the different colors inherent within the glass. Com-
mon laboratory borosilicate glass will typically show a soft pale blue or green
shade of color. Soft glass (soda-lime) will typically exhibit a fuller deep blue. It is
recommended that you obtain a 15- to 20-cm rod of each type of glass to keep on
hand for use as comparison samples. Absolutely clear (water white) glass is high-
temperature fused silica or Vycor. By shining a deep UV (254 nm) lamp on the
side of the glass and sighting down the end of the tube, Vycor will display a yel-
low/green or colorless fluorescence while fused quartz will be strong blue (do
not stare directly at the UV light).

Matching the Index of Refraction (Nondestructive). To match the index of
refraction for two or more glasses, obtain a liquid with the same index of refrac-
tion as one type of glass. When an unknown glass is put into the liquid, the glass
will seem to disappear if it has the identical index of refraction. Two standard
solutions for identifying Pyrex or Kimex glass (their refractive index is 1.474) are:

1) 16 parts methyl alcohol

84 parts benzene

and,

2) 59 parts carbon tetrachloride

41 parts benzene.

The major problem with both of these solutions is their toxicity. The first solu-
tion should only be used in a fume hood, and the second is so toxic that it should
not be used at all. An alternative solution, albeit a bit messier, is common kitchen
corn oil. It does not match the index of refraction as closely as do the two solu-
tions mentioned above, but it does the job and is safe to use. The corn oil can be
removed with soap and water.

Checking the Sodium Content of the Glass (Semidestructive). Take the bot-
tom unglazed side of a white ceramic tile and evaporate onto it a small quantity of
a phenolphthalein-ethanol solution. To test a piece of glassware, drip a little water
onto the plate and draw a line across it with the glassware. The action will lightly
scratch the surface, so choose a nonsignificant spot. By scratching the surface, the
alkalis of a soda-lime glass will be exposed to the phenolphthalein solution and a
pink line will form across the plate. Borosilicate glass may exhibit a minor color

Fig. 1.3 Step process for using linear expansion to separate glass types.
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change across the plate, but when compared to known soda-lime glass it is fairly
easy to distinguish between the two. The plate can be reused repeatedly.20

Using Linear Expansion (Destructive).This techniques requires that the end
of known glass be fused to the end of an unknown glass (with a gas-oxygen
torch). While still hot and soft, the glass is taken out of the flame and the ends are
squeezed together with a pair of tweezers. This union is then placed back in the
flame and reheated until it is soft again. It is then removed from the flame and,
while still soft, the end is taken in the tweezers, and pulled out to a thread about
10-15 cm long (Fig. 1.3). When the glass hardens, fire-cut off the end piece held
in the tweezers. If the glass curls off to one side, the glasses are of different com-
position and have a different thermal coefficients of expansion (see Table 1.3). In
Fig. 1.3, the final step (showing the glass bending off to the right) indicates that
the glass on the right expanded more while heated, but was originally at the same
length as the glass on the left. Then during cooling, it contracted (a greater
amount) and pulled the left side over to the right as well. Incidentally, if one of the
two glasses resists melting and emits a very bright white light (not sodium yellow)
while being heated, it is very likely a high temperature-fused silica, and no further
identification techniques are required. If it does exhibit a bright white light, do not
pursue heating as the emitted light is high in UV and can potentially damage eyes.

1.1.8 Physical Properties of Glass and Mechanisms of
Glass Fracture
Glass is one of the strongest materials on earth. This statement is a seemingly
bizarre one to make concerning a material generally known for its fragility. Sur-
prisingly, freshly drawn, water-free glass can exhibit strengths of over 1,500,000
psi (pounds per square inch). However, once its surface has been hydrated and the
uniformity of that surface has been broken [i.e., by a flaw (scratch)], its potential
strength can decrease dramatically.*

Glass is perfectly elastic until failure. That is, no matter how little or how much
you flex glass, it will always return to its original shape when flexed at room tem-
peratures. If a glass is flexed in the region of a flaw, it will flex until it breaks

'Newly formed glass has high surface energy. Adsorption of water into the surface of the glass
facilitates the lowering of this energy. Water contamination on, and in, a glass surface weakens the
tensile strength of that item. The amount of water which potentially may be adsorbed depends on the
type of glass and relative atmospheric humidity. For example, soda-lime glass may adsorb water in
as deep as several hundred molecules at 75% relative humidity. Common laboratory borosilicate
glass may hydrate to between 50 and 100 molecules of depth, and fused silica may exhibit 10 to 50

molecules of depth of adsorbed water (at 75% relative humidity). The only mechanisms to dry
glass are high heat (approximately 400°C) or a combination of high heat and high vacuum. Because
much of chemistry is wet chemistry or is done in the ambient atmosphere (which has an inherent
amount of humidity), it is neither practical nor relevant to try to duplicate the theoretical strength
limits of dry glass. For some lamp manufacturing and most high vacuum work, these theoretical lim-
its are relevant, but beyond the scope of this book. Although this text may refer to wet or dry glass,
no one is expecting anyone to try to "dry" their glassware.
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Bottom right
section of an

Erlenmeyer flask

Surface (fire) checks

Fig. 1.4 Surface (fire) checks caused by placing hot glass on a cold surface.

(fails). On the other hand, metals (even spring metals) can remember a new shape
or position if flexed beyond a certain point. This quality is true for tangential as
well as axial rotations. However, unlike metals, glass gives no indication that it is
about to break, nor does glass provide any indication of where it is receiving
stress* (for example, glass does not begin to fold prior to fracture).

Once flexed beyond a given point, glass breaks. The amount of flexure required
to achieve that given point is dependent the nature of the flaws in the region being
flexed. Glass can only be broken if two conditions are present: flaw and stress
(more specifically, the stress of tension, not compression). Because glass is per-
fectly elastic until the point of failure, the location of the failure will occur at the
most susceptible flaw. This property is a sort of weak-link principle: Glass under
tension will break at the weakest link, which, by definition, is its most vulnerable
flaw.

Tests demonstrate22 that a one-quarter-inch-thick piece of glass that has
received normal handling can withstand pressures of 6000 psi. Sandblasting the
surface to provide large numbers of flaws drops the potential strength to some
2000 psi. However, if a fresh surface is acid-polished and then coated with lacquer
(to prevent further abrasion by handling and to limit water content), strengths of
up to 250,000 psi have been achieved.

Despite its tremendous strength, glass can be fairly easy to abrade. On the
Mohs' scale of hardness,* glass is between #5 (apatite) and #7 (quartz). So, glass
can scratch materials with lower numbers (for example, copper, aluminum, and
talc). Likewise, glass can be scratched by materials that have higher numbers (for
example, sand, hard steel, and diamond).

We know that diamond can scratch glass, but so can hard metals such as the
hardened steel of a file or a tungsten-carbide glass knife. A beaker that is slid or

*An exception to this statement would be viewing glass through polarized light, which provides
excellent visualization of strains within glass. However, this requires special equipment (polari-
scope), and the glassware must be in a particular orientation with respect to the equipment.

fA ten-scale division of geologic minerals used by geologists to help type rocks, with talc as #1
and diamond as #10.
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Table 1.3 Samples of Stress Concentration Factors

Shape #

1

2

3

4

W U V
1 2 3

Generalized numbers

£=1+2(2/2.00)

£=1+2(2/0.250)

£=1+2(2/0.032)

£=1+2(2/0.001)

*

Result

£ = 3

£=17

£=126

£=4001

rolled across a dirty benchtop can be scratched by dirt particles. Also, glass can
scratch glass. Because glass is often stored with other glass, it is constantly being
scratched and abraded. A sharp surface is not necessary for glass to rub and cause
flaws on the surface of other glass.

Another type of flaw that can develop on glass is a surface check. These flaws
are micro- or macroscopic cracks that lie just on the surface of the glass. They can
be caused by laying a very hot glass item on a cold surface. For example, taking a
glass item from a hot plate and laying it on a benchtop can cause surface checks.
In addition, surface checks can also be caused by brushing a hot gas-oxygen torch
flame across a glass surface. The thicker the glass, the more likely surface checks
may develop. Surface checks can aim straight into the glass, curve into the sur-
face, or even curve back out to form a scallop-like crack (see Fig. 1.4).

Thus, when a glass item has slid across benches, rubbed against other pieces of
glass, or has had incidental radical changes of temperature, it is soon covered with
flaws. Most of these flaws are microscopic, but any one of them could result in
glass failure when subjected to sufficient stress.

The depth of a flaw is not as critical as is the ratio of the depth over the radius at
the root (base) of the flaw. An equation indicating the relative degree of stress
based on this ratio is given in Eq. (1.1) and provides the stress concentration fac-
tor, "KT The greater the value of K, the less stress is required to break the glass.
When K is equal to 3, the depression can be considered not a flaw and is as strong
as the surrounding glass.

(1.1)

where A = depth of flaw

B = radius of the flaw at its root
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Note that K, A, and B are dimensionless. The only criterion is that A and B be in
the same measurement units. Some sample calculations using Eq. (1.1) can be
seen in Table 1.3.

Glass can be broken at a specified location by creating a flaw where the break is
desired and then applying stress (tension) to that flaw. However, an improperly
made flaw can easily result in a flaw of undesirable quality. For example, an inex-
perienced flat glass cutter will take a wheeled glass knife, aggressively bear down
on the glass, and push the cutter back and forth several times. While a single
scratch could have broken cleanly and easily, the repeated scratches create a
heavy, round bottom groove with many side fissures. The resulting crack is likely
to drift off to the side and not follow the heavily gouged crevasse. Alternatively,
an inexperienced glass rod and tube cutter will take a triangular file and (again)
bear down on the glass and saw the file back and forth for a "real good scratch."
Unfortunately, the nicely rounded fissure will also not break easily. The extra
force required to break the heavily gouged flaw is likely to cause the glass to
break into many fragments, creating a serious risk of injury.

The key to successful glass breaking is a thin, deep scratch. However, you do
not achieve effective depth by excessive force or repeated scratching. To cut a
soda-lime flat glass pane, you must maintain a firm pressure on a rotating wheel
cutter and make a single continuous scratch toward you. Using a yardstick or
meter stick as a straight line guide is recommended. If you bear down extra hard
on any part of the swipe, you are likely to create side fissures that may cause the
crack to sweep off to one side. The same technique applies to borosilicate flat
glass, although more pressure will have to be exerted to achieve the same depth of
flaw. Regardless, it is important to maintain even pressure throughout and to make
only a single stroke.

Although not as effective as a tungsten-carbide glass knife blade, a triangular
file can be used on glass tubing. The trick is to make a single, fast swipe of the file
toward you and not to saw back and forth. In addition, the sharper the file's edge,
the narrower the scratch. One way to ensure a sharp edge on the file is to use a
grinding wheel to remove one face of the file (see Fig. 1.5). During the grinding
process, constantly lower the file into a water bucket to cool the metal. If the file
gets too hot, it will turn a bluish color, indicating that the file has lost its temper
and will dull faster.

It has been well demonstrated since the 1940s that glass breaks more easily if
wet with water than if dry. Dry glass is stronger than wet glass (by 20%), and

I K\\\\) I

Grind a face from one side of the
file to obtain two sharp edges

Fig. 1.5 Altering a triangular file for more efficient glass cutting.
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glass in a vacuum is stronger still (250%). Many have observed a glassblower or
glazier wet a scratch with spit or water to facilitate the breakage. It has been also
shown that not any liquid suffices in fracture assistance as was shown by Moorthy
and Tooley as they tested a variety of organic liquids on flawed glass. Seventeen
different organic liquids were tested on flawed glass, and only nitrobenzene effec-
tively facilitated glass failure to a greater extent than water.

The best mechanism currently explaining this phenomenon is presented by
Michalske and Freidman,25 whose model suggests that at the crack tip, when there
is strain at the bond between a silicon and a oxygen atom, a Lewis acid is created
on the silicon while a Lewis base is created on the oxygen. In the environment of
water, one hydrogen (from the water) links to a free oxygen, forming a hydroxyl
group; the remaining hydroxyl (from the water) joins the free silicon. This process
continues to facilitate rupture of the glass. If presented with other liquids with
appropriate bond capabilities, such as ammonia, hydrazine, or formamide, equal
facilitated rupture ensues.26

The molecular dissolution of glass at the crack tip presents both how liquids
such as water facilitate glass failure at time of stress and how, over time, water can
weaken the surface of glass.

1.1.9 Stress in Glass
There are two different mechanisms that produce stress (or strain) in glass: physi-
cal and thermal. Either of these can cause a distortion of a glass surface that will
create compression and tension at one or more points. If sufficient tension devel-
ops in the region of a flaw, the glass will fracture.

Physical stress is easy to understand because we can feel, observe, or relate to
the events that develop physical stresses. Pulling hard on a plastic tube attached to
a hose connection, bending glass, and watching an item fall to the floor are all eas-
ily understood (or observed) physical stresses.

When using glass, we want to reduce the amount of physical stress placed on
the glass. Anything we do that limits any overt bending and twisting on glass is
important. The key phrases here are reduce the lever arm and/or eliminate the
resistance. The smaller the lever arm, the less torque and therefore the less stress
you place on the glass. Equally important, when sliding or rotating glass against
other objects, use a lubricant to limit torque.

Examples of these limitations would be:
1. When placing a glass tube into a stopper, be sure the glass tube and the

hole are lubricated with glycerin, water, or soapy water to reduce fric-
tion. Never hold the glass tube more than two to four (tube) diameters
from the rubber stopper to reduce the lever arm. Always wear leather
gloves.

2. When removing a plastic or rubber hose from a glass hose connection,
do not try to pull the hose off in one piece. Cut the plastic or rubber
hose off with a razor blade to avoid torque.
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3. When rotating a stopcock that is free-standing (i.e., one end of the stop-
cock is attached to glassware and the other is neither attached to
another part of the same apparatus nor supported by a clamp), elimi-
nate the lever arm by holding the stopcock with one hand and rotating
the plug with the other hand. If the plug requires grease, be sure to
clean and change the stopcock grease at regular intervals. Old grease
is harder to rotate and creates more torque when rotated, and silicon
grease needs to be changed every couple of months. Be sure to use
stopcock grease and not joint grease: Greases made for stopcocks
have more lateral "slip" than do joint greases, and therefore they
develop less torque when rotated (see Sec. 3.3.3).

4. In assembling and disassembling distillation apparatus (typically com-
posed of sections of varying lengths, curved pieces, and pieces of dif-
ferent shapes connected by joints with no lateral movement),
tremendous torque can be created when the piece is secured by sup-
port clamps. Use caution and common sense when attaching and
tightening support clamps so as not to torque pieces toward or away
from each other. An additional problem involves joints, or stopcocks,
which have become frozen because either distillation solvents have
stripped them of grease, or improper cleaning has left dirt on joint or
stopcock members. Tremendous torque can be created when trying to
disassemble stuck joints and stopcocks on a distillation assembly.
Prevention of stuck joints and stopcocks is achieved by selecting
greases that will not be affected by the solvents used and/or by using
Teflon sleeves (these sleeves are excellent because they cannot be
affected by most solvents). Always be sure that joint members and
stopcocks are clean and dust-free. Wipe both members with acetone
on a Kimwipe before applying grease or Teflon sleeves and assem-
bling the joint or stopcock. (See Sec. 3.3.7 for more suggestions on
how to free stuck stopcocks and joints.)

In summary, limit physical abrasion to glassware, reduce the lever arm, and pro-
vide adequate lubrication to moving items. Your foresight will reduce glass break-
age.

Fracturing glass at the site of a flaw is based entirely on the amount of tensile
stress (or deformation) at a specific location, rather than on the amount of stress
the glass was put under to achieve that level of tensile stress. More stress must be
placed on thick glass than on thin glass to achieve a given amount of flexing (and
resultant tensile stress on the surface). In other words, thick glass is physically
stronger than thin glass because it is harder to flex. Unfortunately, the risk of bro-
ken glass in the lab cannot be resolved by making all glass thick because of ther-
mal stresses.

Thermal stresses are more difficult to imagine than physical stresses, but we can
observe what causes them anytime we look at a liquid thermometer. When materi-
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als get hot, they expand. When glassware becomes uniformly hot, it expands uni-
formly. When glassware becomes nonuniformly hot (above its strain point), there
is uneven expansion of the glass. The regions between the uneven expansion will
develop strain; and the strain will remain if the glass was heated past the strain
point, even after the glass has cooled. This strain can be great enough to cause
fracture if there is a flaw in the region of the strain. We've all seen the effects of
thermal stress when we've poured a hot liquid (i.e., freshly brewed tea) on ice
cubes. The warmer exterior of the cube expands faster than the cooler interior, and
trapped air bubbles provide the flaw that causes the ice to fracture.

Different materials expand at different rates when heated. Different types of the
same materials can have different rates of expansion as well. Thus, different types
of glass have radically different expansion properties. The measure of the rate of
expansion of materials is the thermal coefficient of expansion stated in Acm/cm/
°C. Because the thermal coefficient of expansion of any material varies as the
temperature varies, the thermal coefficient of expansion that is attributed to any
particular glass is based on an average of the expansion figures compiled from a
0-300°C range. Table 1.2 includes the thermal coefficients of expansion for a
variety of glasses.

The larger the thermal coefficient of expansion number, the less radical a tem-
perature change the glass can withstand and vice versa. However, a thin piece of
glass with a high thermal coefficient of expansion will be able to withstand a more
radical temperature change than a very thick piece of glass with the same or lower
thermal coefficient of expansion.

We see the effects of a high thermal coefficient of expansion when we pour boil-
ing water in a cold drinking glass: the glass breaks. We see the effects of a low
thermal coefficient of expansion when we take quartz glass at melting tempera-
tures and plunge it into ice water with no problems. Telescope mirrors are made
out of materials such as quartz glass because they do not distort with changes of
temperature to the degree that glasses of higher thermal coefficients of expansion
will.

1.1.10 Managing Thermal and Physical Stress in the
Laboratory

Glassware manufacturers must determine whether an item is more likely to be
used in a physically stressing environment or in a thermally stressing environ-
ment. For use in a more physically stressing situation, glass must be made thicker
to achieve physical strength, and for use in a more thermally stressing situation,
glass must be made thinner to achieve thermal strength. It is not possible to make
glass optimally strong for both physically and thermally stressful environments: A
compromise must always be struck.

We see very thick glass used for kitchenware such as measuring cups and bake-
ware. Kitchenware receives minimal heat stress (baking is a slow heating process
and therefore is not a thermally stressing activity) and is more likely to receive
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physical stress as it is banged around in cupboards and drawers or nested within
other kitchenware. A glass coffee pot, however, is expected to withstand rapid
heat changes (and is not generally stacked or banged against other objects) and is
therefore made out of thinner glass. Kitchenware and coffee pots are made from
exactly the same type of glass (common laboratory borosilicate glass), but are
designed to withstand radically different types of stress.

We also see thick and thin glass in the laboratory. Because their concave bot-
toms could not otherwise withstand the force of a vacuum, filter flasks are made
of thick glass. However, do not place a filter flask on a heating plate—it cannot
tolerate the (heat) stress. The standard Erlenmeyer, by comparison, is thin-walled,
designed to withstand thermal stress. However, a standard Erlenmeyer flask can-
not tolerate the physical stresses of a vacuum: The flask's concave bottom will
flex (stress) and is likely to implode in regions of flaws.

The shape of glassware can be a clue as to how and/or where it can be used. The
more rounded its corners, the better it can diffuse thermal stress. This idea is sim-
ilar in concept to the sharpness of flaws and can be compared to Eq. (1.1), the
stress concentration factor. Although that equation is intended to be used for sur-
face flaws on glass, the principle is the same.

The three most frequently used laboratory containers are the beaker, the Erlen-
meyer, and the round-bottom flasks. Their shapes, radii of curvature of their bases
(see Fig. 1.6), and functions are all different. If you measure the radii of curvature
at the bases of 250-ml beakers, Erlenmeyer flasks, and round-bottom flasks, you
will find that they are approximately 6 mm, 12 mm, and 42 mm, respectively.
Because the bottom of a beaker is essentially a right angle, as the bottom expands,
when subjected to heat, the walls receive stress at right angles. There is little, if
any, means to diffuse the stress. Because the Erlenmeyer has a larger curvature on
its base corners, it can diffuse thermal stress, but only to a limited degree. Because
the round-bottom flask is all curvature, it is best suited for diffusing thermal
stress. If you are using a Bunsen burner flame as a heat source, the safest heating
vessel to use is clearly a round-bottom flask. If you must use an Erlenmeyer flask
or beaker, you can diffuse the intensity of the flame by placing a wire square

Radius of
curvature

Fig. 1.6 The radius of curvature on the bottom of a container is smallest on the
beaker, greater on the Erlenmeyer, and largest on the round-bottom flask.
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between it and the container (a hot plate, on the other hand, is not a direct heat
source and therefore is a safer heat source for an Erlenmeyer flask or a beaker).

Before heating glass apparatus, be sure to:

1. Examine the surface of the glassware for obvious flaws that may cause
fracture when heated.

2. Heat only borosilicate or fused silicate ware. Never heat a soft glass con-
tainer.

3. Try to avoid using flat-bottom containers such as beakers or Erlenmeyer
flasks.

4. Preferably, avoid using a direct flame. An open flame has inherent dan-
gers (i.e., can ignite reactant gases and other materials that come in
contact with the flame) that electrical and steam heating do not have.

The use of boiling chips is, and should be, standard practice when heating flu-
ids. However, careless placement of boiling chips in a container can severely
reduce the life span of the container. Never dump boiling chips into an empty
glass container. Boiling chips have sharp edges that can scratch glass. By placing
your liquid solution into the container before introducing boiling chips, you pre-
vent the boiling chips from a free fall landing on the bottom of the glass. This
practice can decrease the potential wear (i.e., flaws) that boiling chips could other-
wise inflict on the surface of the glass.

Liquid will not provide adequate lubrication or protection against the scraping
of a glass rod across the bottom of a glass container. Glass rods are often used for
mixing, creating bubbles (boiling), or scraping material from the sides of a con-
tainer. All three objectives can be met with a rubber policeman or a wood or plas-
tic stirring rod, both of which cause no damage to the inside surface of the
container.

Heating is usually only half the story. After you have heated the material in a
container, there is the problem of what to do with the container while it cools. A
radical drop in temperature can be as damaging as a radical rise in temperature.
Never heat or rest a round-bottom flask on a noncushioned metal support ring.
The metal may scratch the glass (providing flaws) or provide pressure (causing
strain) and/or radical temperature changes (providing stress). For the round-bot-
tom flask, a cork ring provides a safe stand and avoids radical temperature change.
Similarly, never place a hot beaker or Erlenmeyer flask on a cold lab bench sur-
face. Always place such a container on a wire gauze square or other "trivet" type
of resting place.

Finally, do not let the liquids within the container boil off. The liquids prevent
the glass from getting any hotter than the boiling temperature of the liquid. By let-
ting the liquid boil off, the glass can be heated beyond the strain point, rendering
the glassware potentially dangerous with inherent strain. The only way to verify
whether strain developed in the glassware is with a polariscope (see footnote on
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Fig. 1.7 Production of tempered glass.

page 36), and if there is strain, the only way to remove the strain is by annealing.
Options for dealing with strained glass is on page 36.

1.1.11 Tempered Glass
It is possible to use thermal stress to physically strengthen glass by processes
known as tempering glass and heat-strengthening glass. Both processes depend on
rapid cooling to produce strain within the glass. The difference between the two
depends on the initial temperature before cooling.

Both tempering and heat-strengthening use the two specific properties of glass;
that is, they (a) expand when heated and (b) are a poor conductor of heat. Tem-
pered glass is heated near its softening point and then rapidly chilled by blowing
cold air on the surface (see Fig. 1.7). The technique for heat-strengthening glass is
similar to tempering glass, but the glass is not preheated as high and the cooling
rates are slower.

Regardless of the strengthening technique, the rapid chilling contracts the sur-
face glass. However, the slow heat conduction of glass prevents the inside glass
from cooling at the same rate. In time, the inner glass cools and contracts, which
causes tension on the inside of the glass and compression on the outside. Because
it is not very likely for there to be flaws on the inside of the glass, this situation
demonstrates "safe" tension.

To break tempered or heat-strengthened glass requires the placement of stress
on the surface that is greater than the thousands of pounds per square inch of com-
pression created by the strengthening process. That is why these glasses are so
physically strong. The surface compression of heat-strengthened glass is between
3000 and 10,000 lb/in.2. The surface compression of tempered glass is greater
than 10,000 lb/in.2.

Tempering glass is only viable for physically strengthening moderate- to heavy-
walled glass. It cannot be used to strengthen thin glass because the internal
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Fig. 1.8 The telltale signs of "cooling"marks indicating tempered glass.

regions cool too fast, preventing the compression and tension forces to develop. In
addition, tempered glass cannot be used in high thermal environments because the
constant heating and cooling cycles would eventually untemper the glass.

Tempering and heat-strengthening glass decrease its flexibility as well as
increase its ability to resist impact abrasion. Heat-tempered or heat-strengthened
glass cannot be cut once it is tempered. However, both types of glass-strengthen-
ing processes can be reversed by simply annealing the glass. Once the strengthen-
ing has been reversed, the glass can be cut in any normal fashion.

If you have a pair of polarized sunglasses, you are likely to have seen the effects
of tempered glass on rear and side windows of cars.* The telltale white or gray
spot array pattern is an indication of where the cold air jets were located (see
Fig. 1.8).

There are other techniques used to temper glass. One technique is called ion
exchange. In this process, glass is "boiled," or soaked, in liquid potassium, during
which the surface sodium ions exchange places with the potassium ions. The
potassium atom is larger than the sodium atom, so during ion exchange the potas-
sium must "squeeze" itself into positions that formerly held the sodium. This
exchange produces the same compression effect on the glass surface as rapid
cooling. Although it is a more expensive process, ion exchange tempering pro-
duces a more uniform compressed surface than the air jet process. In addition, the
ion exchange process can temper much thinner pieces of glass than using a heat
approach. Ion-exchanged tempered glass cannot be untempered by annealing the
glass as with heat-tempered glass. When glass catalogs mention that all (or part)
of a piece of glassware is strengthened (like the tip of a burette), it is typically
done by blowing cold air on hot glass, and not by ion exchange.

*The front windshield of a car is not tempered. Rather, there is a piece of plastic sandwiched by
two pieces of glass. This prevent, pieces of glass from flying into the driver's face, and it maintains
visibility because broken tempered glass is difficult to see through.



Glass 1.1 33

Although both heat and ion tempering both successfully strengthen glass, heat-
strengthening and ion tempering do not satisfy either ANSI or federal specifica-
tions for safety glazing.

A third technique to produce tempered ware uses two glasses (or ceramics)
formed together (laminated), each with different thermal coefficient of expansion.
This is used to make Correll® dishes by Corning. For this tableware, a pyrocer-
amic* material with one type of thermal coefficient of expansion is covered with
another pyroceramic with a greater thermal coefficient of expansion and is then
baked until the outer layer melts uniformly. Materials with greater thermal coeffi-
cients of expansion will expand more when heated and will contract more when
cooled. The greater contraction (once cooled) of the outside material causes com-
pression.

1.1.12 Glass and Internal Pressure
Because tubing walls1^ on a vacuum system are in compression, vacuum systems
do not require heavy walled glass. On the other hand, pressure on the inside of a
tube creates tension on the walls of the tube. If the tension is great enough, the
tube will explode from internal pressure. The strength of tubing to withstand a
given amount of pressure is called its bursting strength. To increase the bursting
strength and withstand internal pressure requires heavy-wall or small-diameter
tubing. This requirement is based on the ratio of the diameter of the tubing to the
wall thickness. For example, 2-mm tubing has an inside diameter of 1.0 mm. For
100-mm tubing to have the same percentage wall thickness, it would need an
internal diameter of 50 mm. Standard 100-mm wall tubing has an inside diameter
of 95.2 mm.

Wall thickness is not the only factor that determines the potential bursting
strength of tubing. Glass strength is also based on surface quality and preexistent
strains. Either of these properties can significantly jeopardize the theoretical
bursting strength of tubing.

The quality of the surface is based on the amount and degree of surface flaws.
Obviously, abusive handling of glassware can cause flaws, but so can normal glass
handling, such as laying a piece of glass on a table or against other glass. Any vis-
ible surface markings can significantly decrease the potential strength of a glass,
but not all flaws are readily visible.

A preexistent strain is any stress within the tubing prior to receiving internal
pressure. These flaws can come from poor-quality annealing (thermal strain) or
torquing the glass during assembly (physical strain). The extent to which flaws
and inherent strain will affect a glass's bursting strength cannot be predetermined.

* A pyroceramic material is a special type of glass that has been devitrified by controlled nucleation
of crystals. It has certain properties that are like glass and other properties that are like ceramics.

Standard round tubing, not square, flat, or distorted walls.
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Therefore, any calculations determining bursting strength must have built-in
safety tolerances to account for the unknown.

The glass industry assumes that new tubing, with no observable flaws, can with-
stand stresses of up to 4800 psi. It has been calculated that the maximum amount
of stress applied to lightly used glassware should not be greater than 1920 psi.
However, typical laboratory glass receives a great amount of surface abuse, so an
even greater safety factor should be considered. Unstrained laboratory glassware
should not receive stress greater than 960 psi. If preexisting stress in the glassware
is considered as a safety factor, the tolerable stress should again be lowered to 750
psi.

Despite such a large safety factor, any pressurization of glassware should be
done behind a safety shield. In addition, glassware should be wrapped in a
threaded tape such as cloth surgical tape or fibered packaging tape. Both of these
tapes lose their adhesive ability and strength as they age, so periodically check the
quality of the wrap. The tape serves an additional function by protecting the sur-
face from abrasion which could weaken it. Masking tape is not satisfactory for
either purpose and should not be used.

To calculate the tangential or hoop* strength, Shand27 offers Eq. (1.2). When
stress created by internal pressure is greater than the strength of the tubing (based
on the location of a potentially susceptible flaw), the tubing will fail (break).

where oa = average stress (psi)

p = pressure

d = inside diameter

D = outside diameter.

Unfortunately, this simple equation is only good when a tubing's wall thickness
is 5% or less of the total outside diameter, thus omitting most of the tubing found
in a laboratory. Shand offers the somewhat more complicated equation for calcu-
lating the hoop strength for all sizes of laboratory tubing:

\2W

5
The average stress (da) is the amount of stress that the system is receiving with

any given tubing dimensions and under the pressure loads provided. The internal

"The area around the circumference of the tube is called the hoop, similar in concept to the hoop
surrounding a wooden wine barrel.
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stress (a,) is the amount of stress placed on the internal wall by any pressure on
the inside of the glass.

If Eq. (1.4) is solved for pressure and we substitute for c ; the allowable bursting
pressure of 750 psi, we can calculate the acceptable pressure limits for commer-
cially available tubing.

P =
> • *

l~D

As an example of safe pressure limits of a standard commercial tubing, consider
one-half-inch tubing and let O = 750 psi. Standard wall tubing* can withstand a
pressure of 173.1 psi, one-half-inch medium wall tubing can withstand pressures
of 268.3 psi, and one-half-inch heavy wall tubing can withstand pressures of
420.4 psi.

Shand28 also provides Eq. (1.5) for flat plates.

, 2

<5m = k{-p (1.5)

where Gm = maximum stress

kY = stress concentration factor

(when edges are free, kl = 0.3025, and

when edges are clamped, k l = 0.1875)

d = diameter

t = thickness of plate

This equation can also be used on rectangular plates by substituting the narrow
dimension of a rectangle for d.

WARNING: Observation of a flaw on the surface of, or within, a piece of
glass that is to be used in any pressure situation warrants discarding
that piece and replacing it with a new, flawless piece.

Medium and heavy wall tubing were originally measured in English measurements and now use
the metric equivalent. Standard wall tubing has always been measured in metric measurements.
Because there is no one-half-inch standard wall tubing, 12-mm tubing was used for this example.
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1.1.13 Limiting Broken Glass in the Lab

If you work with glass in a laboratory, you will break glass. Accidents happen.
However, by limiting the causes, you can dramatically decrease the incidents of
breakage. First, limit abrasion of glass surfaces. This precaution can be taken by
limiting the amount that glass may roll, slide, and/or bounce into other glass. Sim-
ilarly, try to prevent, limit, or control the amount of contact with other hard sur-
faces such as metals and ceramics (including boiling chips).

The second level of defense against glass breakage is to limit stress. For
instance, physical stress can be limited by shortening the lever arm and providing
proper lubrication. Thermal stress can be limited by selecting appropriately thin-
walled glass and/or selecting glass with an appropriate thermal coefficient of
expansion. In addition, limit the amount that glassware is subjected to radical tem-
perature changes.

Despite the fact that common laboratory borosilicate glass is capable of with-
standing high-heat conditions, laboratory containers should never be left empty on
a heat source. Although this oversight is not made intentionally, it can occur if, for
example, a boiling solution is left unattended. The liquid in the container performs
an important heat sink function without which the heated glass may achieve tem-
peratures sufficient to cause thermal strains. There are three options for dealing
with a glass container left empty on a heat source:

1. Play it safe and throw the item away. Although this option may seem
wasteful, it is the safest thing you can do if you have no other means
to verify safety or eliminate possible strain (see point #3).

2. Examine the glass with a polariscope* to look for strain. If no strain is
evident, the item should be safe to use. If strain is evident and you
have no means to relieve the strain, throw the item away.

3. If strain in the glassware is evident, or if you cannot verify whether
strain is present, oven anneal the entire item by bringing it to a tem-
perature of 560°C and holding it at that temperature for 15 minutes.
Then slowly (> 4 hours) let the temperature drop to room tempera-
ture.

Of the three options, the second and third are limited by available equipment.
Without a polariscope and/or glass annealing oven, you cannot do them. If you do
not have this equipment, play it safe and use the first option.

*A polariscope is an optical device which shines a light through two polarizing filters. The filters
are crossed, which prevents all light from passing except the rays that are aimed straight at the
viewer. If a glass object with no strain is placed between the filters, light passes through with no
deflection. If the glass object has strain, the specific strain regions deflect and twist the light so it
passes through the second filter in a different orientation than light which has not passed through
strain. Regions of strain in glassware are therefore easily observed as changes in light intensity or

29color (if the polariscope is adapted for color).
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1.1.14 Storing Glass

When not in use, glassware should be cleaned and put away. Glassware that is
scattered on benchtops and out in the open clutters working areas, is easily bro-
ken, will not stay clean, and, if dirty, may be confused for clean glassware. In
other words, glassware that is not cleaned and put away is a toxic and/or physical
danger that is likely to undermine and potentially negate any viable research.
There is a phenomenal amount of wasted glassware and research solely due to
glassware that was not cleaned and put away. The techniques of cleaning glass-
ware are discussed in Chapter 4.

Once cleaned, glassware should be dried before it is placed in storage. If possi-
ble, a section in your lab should be reserved for cleaning and drying glassware so
that you (1) do not contaminate glassware with cleaning materials, and (2) do not
have glassware that is drying be in your way.

The best place to store laboratory glassware and equipment is in covered or
enclosed storage areas. Open shelving and other areas where dust can settle on
(and in) apparatus should be avoided. Glass enclosed storage cabinets are excel-
lent as they provide opportunity for visual inspection of available items and
reduce unnecessary door opening. Place strips of tape across large glass doors to
prevent accidents by people who may not see the glass.

The most common place for glassware to be stored is in a drawer. Drawers pro-
vide many of the recommended requirements for glassware and equipment stor-
age except visibility. In fact, a drawer's biggest liability is that it can be opened
and closed quickly by someone trying to locate a particular item. The rattling of
glassware rolling into other glassware or apparatus portends glass repair.

There are several ways to protect glassware stored in drawers:

1. Label all drawers. Self-sticking labels are sufficient for most labs. How-
ever, if the contents of the drawers are constantly being transferred,
metal or plastic card holders may be more practical.

2. Encourage users of the lab not to jerk drawers open or slam them shut. I
do not know of any way to prevent these actions, but continued abuse
may be thwarted by demanding financial remuneration of broken
glassware (if the culprit is caught).

3. Limit free movement of glass items, (a) Small items should be kept in
small boxes with cut-off tops (to facilitate observation of the con-
tents), (b) Line drawers with plastic mesh or plastic bubble packing
material to limit movement as well as cushion impact against the
walls of the drawer, (c) Be sure to prevent items from twisting or tilt-
ing within the drawer. Such movement may cause part of an appara-
tus to stick up and either prevent the drawer from opening or be
broken off (if the drawer opener is strong and persistent).
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Nesting glassware is a good space saver, but be sure there is adequate room for
the glassware to nest. Evaporation dishes are not a problem, but the pour spouts of
small beakers tend to wedge within larger beakers.

Obviously the best solution to prevent this situation from happening is to ensure
adequate room for smaller beakers. A simple technique may be used to separate
beakers. Squeeze the larger beaker at right angles to the jammed unit (see
Fig. 1.9). It does not take a great amount of pressure, but you must remove the
smaller beaker as you squeeze. For safety's sake, wear leather or Kevlar® gloves
when squeezing glassware. Although the amount of flexure needed is very small,
if there is a flaw in the right place, a piece could break in your hand.

Limit dust within glass items such as pipettes by plugging the hole with a Kim-
wipe or wrapping the ends in a Kimwipe held by a rubber band or tape. Do not
tape directly on the glassware because it may be difficult to remove after the tape
has aged.

1.1.15 Marking Glass

The permanent marks on glassware are made of a special type of a glass-ceramic
that fuses onto glass surfaces above 500°C. They are applied either by a silk-
screening process or by decal. Ceramic decals are permanent and will resist most
chemical attack. They are susceptible to chemical attack by alkalis and hydrofluo-
ric and perchloric acid, all of which can remove the markings.

Old glassware is used to provide a frosted circular spot for marking the glass.
This frosted zone was easier to write on than the ceramic spot, but cost more to
manufacture than simply adding a ceramic decal spot as part of the ceramic num-
bering that is placed on already. The frosting added one more step to the manufac-
turing process, and therefore it was phased out.

The ceramic white dot on most glassware can be written on by pencils for iden-
tification. Although it is not easy to write on glass, there are five techniques that
allow one to identify and mark on glass:

1. Alcohol-based pens. These pens, usually fiber-tipped, can write on

Fig. 1.9 Nesting beakers and removing stuck nested beakers.
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most surfaces and are water-resistant. They can be removed with any
hydrocarbon solvent and will burn off in a drying oven. Although they
are not likely to smear from the glass onto fingers, they may. These
pens can quickly dry out if not recapped after use. They are available
in a variety of colors.

2. Waxed pencil. Like a crayon, waxed pencils can easily write on glass
and are subject to the same removal techniques as alcohol pens. They
are likely to smear onto fingers and other equipment. They are avail-
able in a variety of colors.

3. Soft pencil. The company Schwan - STABILO GERMANY makes a
line of pencils that are identified as "All-STABILO." These pencils
are so soft they can easily write on glassware. The markings from
these pencils can withstand high heat (600 to 700°C) but can be
wiped off by the rub of a finger.

4. Titanium writing. Titanium dipped in water (or writing on wet glass)
will leave a permanent marking on glass. Although admittedly the
markings are not easy to see (only ~ 0.25 mm wide*), they are imper-
vious to hydrocarbon solvents and can resist temperatures up to
1500°C. The markings can be removed with nitric acid.

5. Self-adhesive labels. This method is sort of cheating because you are
not writing on glass. Rather you are writing on labels stuck to the
glass. The labels can be written on by standard pens and pencils, then
placed on any type of glassware. Because they are available in differ-
ent colors, the labels can assist in separating glassware by type, then
specific identifying information can be written on the labels. It is pos-
sible to remove these labels by lifting them off, but sticky residue
may remain. The residue may be removed by acetone. If you write on
the label with an ink pen, the ink may smear or bleed if chemicals
leak onto the label.

1.1.16 Consumer's Guide to Purchasing Laboratory
Glassware
Laboratory glassware can be expensive. As far as the user is concerned, the chem-
istry of the glass by the three major companies is equally good. However, consid-
erable ranges of quality can be exhibited in glass quality and items made out of a
particular glass. If a glass or the products made from that glass are not acceptable,
do not accept the item(s).

Glass companies do not try to make poor-quality glassware, nor are they intent
on selling their mistakes. However, mistakes happen and sometimes the mistakes
get by quality control. Regardless, the final quality control person is the customer.

*The width is related to the amount of contact surface the titanium has with the glass.
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If you receive poor-quality glassware, by working with your supplier and/or the
glassware manufacturer, the problem can be resolved.

Faults in glass can include the following:
1. Seeds* are like specs of sand in a glass that did not properly melt. They

are particularly susceptible to thermal strain that would not affect reg-
ular glass.

2. Bubbles are trapped air within glass. These are more visual than struc-
tural problems.

3. Airlines are bubbles that got stretched during the manufacturing pro-
cess. These are more visual than structural problems.

4. Blisters are bubbles that are very close to the surface and are likely to
break open. If they partially break open, they may hold liquids or par-
ticulate material that can contaminate current or future work.

5. Cordsf are glass inclusions of a bad melt. They may appear like sections
or spots of glass that did not properly melt.

6. Chill mark is a wrinkled surface caused by poor forming in a construc-
tion technique called "mold pressing." The bases of graduated cylin-
ders and the bodies of funnels are typically made with this process.
This is more of a visual imperfection and does not imply poor manu-
facture.

There are more companies that make glassware than make glass. Each is depen-
dent upon the glass manufacturing companies to provide glass with a minimum of
the problems mentioned above. Ideally, such glass flaws are sorted out before or
during the manufacturing process. In addition, there are flaws that can be created
during the manufacturing or shipping of glass items. Ideally these problems
should be caught before reaching the consumer. However, because a number of
manufacturing processes are automated, errors in production may not be caught
until complaints start to come in from the field (i.e., you).

No manufacturer can be considered totally dependable. Some manufacturers
make some products better than other manufacturers, and they make some items
better than other items. Therefore, in addition to the flaws that can be found in
glass as just listed, do not accept the following flaws in manufactured glass items:

1. Chipped, scratched, or cracked glass out of the box. There are ample
opportunities for these flaws to happen in any lab, so you do not need
an early assist from the manufacturer, the warehouse, or the shipper.
Because any of these three may be equally culpable in causing physi-
cal damage, it is best to not assume who might be to blame. Let the
supplier worry about it.

2. New stopcocks or joints that leak. Do not "repair" them by adding
more stopcock grease than should normally be required. Such prac-

*This flaw can become a focal point for fracture.
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tice can easily exacerbate the problem and cause other problems as
well. However, before you complain, be sure that pieces are assem-
bled correctly and that matching parts are assembled with their cor-
rect pairs.

3. Seals with folds and/or large quantities of internal bubbles. When
glass is first attached to other glass, it will show folds, or ripples, that
need to be worked smooth. Sometimes in production, speed overtakes
quality and these flaws are not adequately worked out. These folds
can be weak spots requiring little stress for fracture. One approach a
glassblower may use to speed the "working out" of these folds is to
use a hotter-than-necessary flame. If the glass is inadequately cleaned
(another victim of production speed), the intense heat will cause the
glass in the region of the seal to develop many bubbles. These bubbles
contribute to (and are an indication of) weak glass. Although many
seals may have bubbles, it is the overabundance of bubbles that
should elicit concern.

4. "Burnt" glass. The "burning" of glass is caused by severe overheating
of glass during glassblowing operations. This process removes some
of the component materials. Because this new glass has a different
chemical composition than the glass it was made from, it cannot flow
or mix properly with the surrounding glass. It can be identified by a
spot of glass that does not look as though it has properly fused with
the surrounding glass and may be confused with a fold.

1.2 Flexible Tubing

1.2.1 Introduction
There is an enormous variety of flexible tubing available for use in the laboratory
because no single tubing type or size is right for all purposes. Within most labora-
tories, flexible tubing is used for such purposes as connecting vacuum systems to
mechanical pumps and manometers, transferring nitrogen or argon gas around the
lab, and connecting water lines to condensers, coolers, and constant temperature
baths. In addition, you may connect a source for natural gas (or propane) and oxy-
gen to a torch and even temporarily connect a mechanical pump to drain used
pump oil.

Comparing the various brands and types of flexible tubing is not unlike compar-
ing a variety of stereos at competing stores. Because of the many different brands
and models of tubing available, and because not every manufacturer uses the same
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analysis parameters, a cross comparison of features (or prices) from one type of
flexible tubing to another is very difficult.

Purchasing flexible tubing has a few other complications. First, few laboratory
supply house catalogs identify the manufacturers of the tubings listed. Further-
more, just as stereo stores do not carry all brands of stereos, no single laboratory
supply company carries all manufacturers' tubing. Therefore, if a particular type
of tubing has features that you require, you may need to ask your laboratory sup-
ply house if it carries (or can obtain) a particular manufacturer's product. This
section will detail the differences and similarities between the types of tubing that
may be used in the chemical laboratory.

Flexible tubing is identified by its inside diameter and wall thickness (see
Fig. 1.10). This identification is unlike glass tubing, which is identified by its out-
side diameter and wall thickness. When ordering flexible tubing, specify the
inside diameter and the wall thickness.

When ordering tubing, size is only one of several variables to consider. Two oth-
ers are the tubing's physical characteristics (see Table 1.4) and its chemical resis-
tance properties (see Table 1.5). Table 1.6 compares some of the advantages and
disadvantages of the various types of flexible tubing.

IMPORTANT NOTICE
Unless otherwise stated, all data in this section (test conditions) are
based on tubing that has 1/4" I.D. and 1/16" wall thickness.

1.2.2 Physical Properties of Flexible Tubing
The following physical characteristics may be important in your selection of flex-
ible tubing (see Table 1.4).

1. Color and/or Transparency. If it is important to see a solution flowing
through tubing, then transparency or translucency of the tubing is
important. Color cannot be used as an indicator of physical properties
or chemical resistance. Color can be used by manufacturers to distin-
guish between various tubing types however. For example, the manu-
facturer of Nalgene® tubing uses blue imprinting on its clear tubing to

Wall
thickness

Fig. 1.10 The measurements of flexible tubing.
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designate its 8000 line of tubing, red imprinting to designate its 8000-
vacuum line, and black imprinting to designate its 8007 line of tub-
ing. Color can also aid in laboratory setup. For example, labs that use
color to identify operations may use orange tubing for natural gas,
green tubing for oxygen, blue tubing for water going into a con-
denser, and red tubing for water leaving a condenser.

2. Durometer Range. The durometer range is a measure of a tubing's
physical hardness, which is indirectly related to the tubing's flexibil-
ity and resilience. The harder a tubing's composition, the less flexible
and resilient it is likely to be. The hardness of tubing material is cali-
brated with an instrument called a durometer. The durometer is a
device that measures the amount of reflected bounce by a special
hammer off the material being tested. Most tubing is tested using
what is called the Shore A technique. When very firm tubing is tested,
the Shore D technique is used. Shore D measurements can be interpo-
lated to provide approximate Shore A measurements for comparison.
For simplicity's sake, I have chosen to interpolate all Shore D mea-
surements to Shore A. Except where advised to the contrary, please
assume that all durometer readings preceded with a "=" symbol are
Shore D measurements that have been interpolated to Shore A.

3. Flame Resistance. Some tubing materials are naturally resistant to
flames, while others are flammable to various degrees. This quality
must be considered if the tubing may be exposed to a high, or direct,
heat source. Unfortunately, although we know that a given tubing
may be flammable, flame-resistant, or nonflammable, there is no
information currently available by which one can quantitatively com-
pare the flammability of tubing.

4. Flexibility. Is the tubing flexible or stiff? Is the tubing prone to kinking?
Transport of gases or fluids may be impaired by nonflexible tubing.

5. Gas Impermeability. The permeability of tubing depends on the gas
being used: Tubing that is fine for nitrogen may be totally unaccept-
able for helium. Unfortunately, comprehensive data on the permeabil-
ity of various gases through tubing are not readily available. In most
cases, it is necessary to contact the manufacturer for information.

6. Resilience (Memory). Over time, some tubings mold themselves to new
shapes, whereas others will always return to their original shape. For
example, rubber has the best resiliency of any tubing, and thus can
maintain a constant grip on a hose connection. On the other hand,
Tygon® tubing, which is not very resilient, will "learn" the new shape
of a hose connection and will eventually lose its grip on the nipple.
Internal pressure (i.e., water pressure) on a nonresilient hose can
cause it to slip off its connection. Low-resilience tubing should be
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Fig. 1.11 A typical screw clamp.

attached with screw clips (see Fig. 1.11), for a more secure attach-
ment.

7. Temperature Range. As temperature increases, a tubing's ability to
withstand internal pressure decreases. Conversely, if the temperature
drops below the recommended temperature range, a normally flexible
tubing may crack when flexed.

8. Vacuum. Under vacuum conditions, thin wall tubing will collapse. In
general, it is safe to use tubing for vacuum work if the tubing satisfies
Eq. (1.6). However, heat may cause this equation not to hold up:

ID. < 2 x wall thickness (1.6)

In many labs it is standard to use red heavy-wall rubber tubing to connect
mechanical pumps to vacuum systems. However, there is no technical reason for
using red (colored) tubing. Any tubing that meets the qualifications for vacuum
work (or your specific vacuum work) should suffice, regardless of color.

Pressure. There are many variables that interact to affect the maximum poten-
tial pressure tolerance of any given tubing. These include:

1. Inside Diameter: The smaller the I.D., the greater the potential pressure
tolerance.

2. Wall Thickness: The greater the wall thickness, the greater the tolerable
pressure.

3. Temperature: The higher the temperature, the less the tolerable pres-
sure.*

4. Time: If you are working over the recommended pressure, it is only a
matter of time before the tube will burst.

5. Material Transmitted: Most types of tubing can handle most materials
for at least a short time. However, if tubing is undergoing chemical
attack, the tubing will eventually fail.

6. Braiding: Internal or external braiding provides extra strength for pres-
sure systems.

7. External Surface. If you wear gloves and/or work in a glove box, you

*This statement does not necessarily mean that the lower the temperature, the greater the tolerable
pressure because at very low temperatures, tubing becomes brittle and prone to failure.
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may want a tubing with friction rather than a smooth and/or slippery
surface. To improve its handling capabilities, natural rubber tubing is
sometimes cloth-wrapped during the curing process. Once the curing
process is completed and the cloth is removed, the cloth impression
remains on the tubing, providing a better grip.

1.2.3 Chemical Resistance Properties of Flexible
Tubing
A tubing's resistance to chemical attack depends on the nature, quantities, and
length of time it is exposed to particular liquids or gases. Some tubing manufac-
turers have tested their tubings against a variety of chemicals and gases. Some
manufacturers have even made these studies at various temperatures. The Nalgene
Corporation has listed the effects of many chemicals on a variety of its polymers,
and this list is included in Appendix B. If you have a question about the resistance
of a particular type of tubing to a given material, contact the manufacturer. How-
ever, remember that there are many possible combinations and permutations of
chemicals. Unless you are sure that a given chemical is not likely to affect your
tubing, it is best to test the tubing with the chemical in an environment that dupli-
cates your conditions. Then you can properly determine if your system, setup,
and/or chemicals will affect your tubing (or vice versa).

If in doubt, test it!
In general, the following materials are those you should consider to be potential

reactants with flexible tubing:
Acids (weak) Oils
Acids (strong) Organic solvents
Bases (weak) Oxygen
Bases (strong) Salt solution
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Table 1.4 Physical Characteristics of Flexible Tubing0

Tubing Type

Fluran® F-5500-A
(Black fluoroelastomeric compound)

Nalgene® 8000
(Clear plastic Tubing)

Nalgene® 8005
(Clear braided plastic tubing)

Nalgene® 8007
(Clear plastic tubing with higher durome-
ter)

Nalgene® 8010
(Low density clear polyethylene tubing)

Nalgene® 8020
(Clear polypropylene tubing)

Nalgene® 8030
(Pure translucent polyurethane tubing)

Norprene®
(Black thermoplastic elastomer tubing)

Natural Rubber

Tygon® R-3400
(Black plastic tubing)

Tygon® R-3603
(Clear plastic tubing)

Tygon® F-4040-A
(Transparent yellow plastic tubing)
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-40°-204°

-35°-105°

-35°-82°

-35°-102°

-100°-80°

.46°-149°

-70°-93°

-60°-135°

-40°-80°

-21°-165°

-58°-165°

_37°_74°

" Material for this table came from:
Gates® Specialized Products, circular 63009-C, © 1976, Printed in U.S.A.
Nalgene Labware 1988, from Nalge Company, #188, © 1988, Printed in U.S.A.
Norton Performance Plastics, circular #10M0035 1184, © 1983, Printed in U.S.A.
Norton Performance Plastics, circular #5M-321023-485R, © 1978, Printed in U.S

fcThe manufacturers (address) list is in the Appendix, Sec. C.
eThe smaller the I.D., the greater the potential pressure.

A.
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Table 1.5 Chemical Resistance Characteristics of Flexible Tubing

Tubing Type

Fluran® F-55OO-A
(Black fluoroelastomeric compound)

Nalgene® 8000
(Clear plastic tubing)

Nalgene® 8005
(Clear Braided plastic tubing)

Nalgene® 8007
(Clear Plastic tubing)

Nalgene® 8010
(Low density polyethylene tubing)

Nalgene® 8020
(Polypropylene tubing)

Nalgene® 8030
(Pure polyurethane tubing)

Natural Rubber
(Pure amber colored (or dyed any color)
Latex tubing)

Norprene®
(Black thermoplastic elastomer tubing)

Tygon® R-3400
(Black plastic tubing)

Tygon® R 3603
(Clear plastic tubing)

Tygon® F-4040-A
(Transparent yellow plastic tubing)
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Code for Resistance Characteristics
E = Excellent P = Poor
G = Good U = Unsatisfactory
F = Fair
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Table 1.6 Comparison of Flexible Tubing Characteristics

Tubing Material:

Fluran® F-5500-A

Nalgene® (8000)

Nalgene® (8005)

Natural Rubber

Neoprene

Nitr i le (Butadiene
Acrylonitrile copolymer)

Norprene®

Polyethylene Nal-
gene 8010

Polypropylene Nal-
gene 8020

Polyurethane (poiy-
ester/polyether urethane)
Hygenic Corp.
(HC480AR,) Nalgene
8030

Especially Good Because:

Resistant to a broad range of cor-
rosive materials: oils, fuels, lubri-
cant, most mineral acids, and
some aliphatic and aromatic
hydrocarbons. Has excellent
weather resistance.

General laboratory use, good flexi-
bility, nonflammable, clear.

This is braided tubing and can
withstand high pressure applica-
tions.

Outstanding resilience and electri-
cal resistivity. It is resistant to tear-
ing and remains flexible in low-
temperature situations. Can easily
be colored, and the exterior sur-
face can be impressed with a cloth
wrap to ensure a good grip in all
conditions.

Good resistance to weather, oxida-
tion, ozone, oils, and flame.

Excellent resistance to water, alco-
hol, and aliphatic hydrocarbons.

Ozone-resistant, good aging resis-
tance, good resistance to oils,
comes in a variety of stiffness,
heat-sealable, formable.

Economical, good general chemi-
cal resistance, contains no plasti-
cizers.

Unaffected by most solvents at
ambient temperatures.

Contains no plasticizers. Can be
used both for vacuum or pressure
systems. Has higher chemical
resistance to fuels, oils, and some
solvents than does PVC tubing.

Watch Out For:

Not good with low-molecular-
weight esters, ethers, amines, hot
anhydrous HF, or chlorosulfonic
acids.

Not good with organic solvents
and most oils, OK with weak
acids, but best to avoid strong
acids and alkalis, contains plasti-
cizers that can leach out during
operations such as distillation.

(Same as Nalgene® 8000).

Not good for high pressure. Poor
resistance to flame, all hydrocar-
bons, and ozone. Standard thin
wall is prone to kinking. If the tub-
ing was sulfur vulcanized (check
with manufacturer), it should not
be used with any catalytic experi-
ments.

Does not stand up well to aromatic
hydrocarbons or phosphates. Best
not to let remain in water.

Poor electrical resistivity and
flame resistivity. Should not be
used with halogenated hydrocar-
bons.

Not recommended for use with
any solvents.

Not autoclavable, very stiff, trans-
lucent, flammable.

Not flexible. It is flammable.

Not autoclavable, stiffer than
PVC, flammable, not recom-
mended with strong acids or alka-
lis.
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Table 1.6 Comparison of Flexible Tubing Characteristics (continued)

Tubing Material:

P V C (Polyvinyl chlo-

ride) HC6511

Tygon® R-3400

Tygon® R-4040

S B R (Styrene-butadiene
copolymer)

Especially Good Because:

Clear, very flexible, comes in
varying degrees of durometer
hardness. Excellent resistance to
water and oxidation.

General laboratory use, good flexi-
bility, nonflammable, clear.

Resistant to gasoline, lubricants,
coolants, heating fuels, and indus-
trial solvents.

Similar in many respects to natural
rubber, except cheaper.

Watch Out For:

Contains plasticizers (if leached
out, will cause tubing to harden).

Not recommended with any
organic solvents and most oils,
OK with weak acids, but best to
avoid strong acids and alkalis,
contains plasticizers that can leach
out.

Should not be used with strong
acids, food, beverages, or drugs.
Strong alkalis can harden the tub-
ing, Very low maximum tempera-
ture (74°C).

The resilience and % elongation is
not as good as natural rubber.

1.3 Corks, Rubber Stoppers, and Enclosures

1.3.1 Corks

Cork, a thick, lightweight product from a Mediterranean oak, has been used in the
laboratory for years in many ways. Typically, it is used as seals for glassware, as
rings for supporting round-bottom flasks, and as sheets to protect surfaces from
impact shock. Despite the incredible variety of plastics and other elastomers avail-
able, cork is still the material of choice for many operations in the laboratory.

Corks (stoppers made from cork) are still widely used to cap many materials
within glassware. They are essential when storing organic solvents or other mate-
rials that could react with rubber stoppers. Each cork typically fits several differ-
ent size tubes. An examination of various cork sizes is displayed in Table 1.7.

Corks are graded into five levels of quality: X, XX, XXX, XXXX, and Select.
The grades are an assessment of the number and degree of irregular cavities and
cracks on the walls of the cork. Grade X is the lowest quality and Select is the
highest. As would be expected, the better the quality, the more expensive the cork.
Regardless of the stated quality, always examine the integrity of the cork before
assuming that it will contain your solution. Cork quality can vary significantly,
even in better grades.
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1.3.2 Rubber Stoppers
Rubber stoppers* are also efficient, simple, temporary system closures. Properly
drilled, stoppers can support thermometers or funnels. Because new stoppers have
no surface cavities or cracks, there is no risk of leaks as with corks. Like corks,
stoppers are used to keep things in (or out) of container. Table 1.7 includes a list
of rubber stopper sizes.

Stoppers, as opposed to corks, can react with a number of organic chemicals
used in the laboratory. Likewise, a concern when using stoppers is that the closure
not adversely affect the contained sample. For this reason, cork stoppers are often
preferred when containing organic solvents. If you do not have any corks, you
may use a rubber stopper that has been enclosed with an aluminum foil cover.
This technique has a few limitations: The covered rubber stopper will not grip into
the seal (there is no friction to hold it in), and the crevices of the foil provide many
potential small leaks.

Although rubber stoppers are normally intended for use with water-based solu-
tions, do not use the aluminum foil technique with an acid or strong base solution
because it will destroy the foil.

If you look in the average laboratory supply catalog, you may see listings for
amber (or natural rubber), white, black, green, red, and/or clear stoppers. Ignoring
the stoppers with premade single or double holes, there is not much difference
between the first three-colored stoppers. The green and red/clear do provide some
special characteristics.

1. Amber or Natural Rubber. These colored rubber stoppers are, simply,
pure rubber. They are the most flexible of all the stoppers. There once
was concern that sulfur in the stopper would affect catalytic reactions.
This concern is now unlikely because most stoppers should be perox-
ide-cured. If there is any question, check with the manufacturer.

2. White. These colored stoppers are essentially natural rubber stoppers
dyed white.

3. Black. These colored stoppers are natural rubber stoppers with a mix-
ture of chemical agents and dyes to give black color. Black stoppers
are somewhat more durable than natural rubber stoppers.

4. Green. These colored stoppers are made of neoprene (a synthetic rub-
ber) and resist the deteriorating effects of oils better than natural rub-
ber. Neoprene also has a wider temperature range than natural rubber.
These advantages come at a price, as neoprene stoppers are somewhat
more expensive than the other stoppers.

5. Red or Clear. These are silicone stoppers and are somewhat harder than
natural rubber stoppers. They are excel at high-temperature environ-

*Not all rubber stoppers are made of rubber. For simplicity, all elastomeric stoppers are simply
being grouped into the catchall identification of "rubber stoppers."
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ments and meet FDA requirements. They are resistant to high-aniline
point oils and chlorinated di-phenyls but are not recommended for
most petroleum fluids, ketones, or water and steam.

1.3.3 Preholed Stoppers

Stoppers can be ordered with none, one, or two holes. As can be seen in Table 1.8,
holes are sized according to the size of the stopper. One brand of white stoppers
(Twistit®, made by the J.P. Stevens Co.) has three "pre-holes." You simply twist/
tear off small nipples on the bottom of the stopper to make the holes as needed.

Obviously, a hole of 3 to 5 mm cannot take a very large tube. In general, it is
safe to insert a tube which is about 1 to 2 mm in diameter larger than the original
hole size. As can be seen in Table 1.8, you can only insert 6- to 8-mm-diameter
tubes or rods into the holes of size 2 or greater stoppers (about the diameter of the
average glass thermometer).

If you find that the holes in your "preholed" stopper are the wrong size or in the
wrong location, you can take a solid stopper and custom drill holes which meet
your specific requirements. There are several techniques for drilling holes in stop-
pers, but regardless of the technique used, always start with a solid stopper.
Because rubber distorts with pressure, it is more difficult to alter a holed stopper
than to drill a new hole. In addition, because elastomers distort and compress, drill
hole(s) the same size (rather than slightly smaller) as the tubing you wish to insert.
This practice will allow easier insertion of the tube into the hole, yet will still pro-
vide a satisfactory leakproof seal. When the stopper is placed into its final loca-
tion, compression from the container neck will further improve the seal.

Freezing and Drilling. Because of the flexibility and friction of rubber, it is
essentially impossible to use a standard drill bit on a rubber stopper. However, if
you freeze the rubber stopper in liquid nitrogen or pack it up in crushed dry ice,
you can then drill a hole with a standard drill bit and drill press (or a machinist's
lathe). Never hold the frozen rubber stopper with your hands while drilling. The
stopper is extremely cold, and you will injure your fingers just by holding the rub-
ber stopper. Furthermore, the rubber stopper may start to defrost during the drill-
ing (the drilling friction will cause heat), or the rubber could grab the drill bit and
spin out of your hand. It is equally recommended to use a drill press or machin-
ist's lathe and not a hand-held drill. You cannot drill straight with a hand drill, and
the potential for slipping is far too great. Be sure the drill bit is new or newly
sharpened. Dull bits cause more friction, causing the stopper to heat up faster.
Drilling speed should be at the same slow speed used for plastics. Let the bit cut
its way into the stopper by itself, and do not force the bit into the stopper while
drilling.

When drilling rubber stoppers with a drill press, do not use a rag to hold the fro-
zen rubber stopper. If the rubber grabs the drill bit, the rag could catch rings,
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Table 1.7 Comparisons of Cork and Rubber Stopper Sizes
Cork #'s and Sizes
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watches, or other equipment. Leather gloves provide good protection and dexter-
ity, and they should be used for all similar operations.

Table 1.8 Pre-drilled
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Using a Hand Cork Borer. A six-piece graduated set of hand cork borers (see
Fig. 1.12) is relatively inexpensive, under $20.00 in brass and under $35 in steel.
If the bit is properly sharpened, a hand cork borer can make a fairly clean hole. If
you are cutting into a rubber stopper, it is best to use a lubricant such as glycerin
to keep the rubber from grabbing the borer. When selecting the proper bit to drill,
use the cutting edge (the inside diameter), not the outside diameter, as a guide for
selecting the proper boring bit.

Using a Motorized Cork Borer. See Fig. 1.13. Motorized cork borers can be rel-
atively expensive (about $700) as compared to hand cork borers. However, if
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Cutting edge

I.D. O.D.

Fig. 1.12 A hand cork borer.

there is constant demand for custom-sized rubber stopper holes in your laboratory,
it can be worth the expense. When selecting the proper bit with which to drill, use
the cutting edge (inside diameter), not the outside diameter, as your guide for size.

Motorized cork boring requires a lubricant. There are two choices: glycerin,
which is also used with a hand cork borer, and beeswax (or paraffin). To use bees-
wax, or paraffin, you must to momentarily press the cutting edge of the bit against
the stopper so that the friction heats up the bit. Then, press a block of wax against
the edge of the turning bit, allowing the melted wax to coat the drill. Now you can
begin drilling the hole using an even, light to moderate pressure. After the bees-
wax cools and hardens, it can be easily picked off. Although it may seem like a bit
more work to use paraffin than glycerin, it may be preferable because there is less
to clean up afterward, the cleanup is easier, and the wax is less messy than glyc-
erin. Glycerin can be wiped off with a rag, although some soap and water may be
necessary for a more complete cleaning.

Never force a bit through a stopper, but rather let a bit cut into a stopper on its
own. It may be necessary to add more beeswax onto a bit while you drill. This
addition can be made by extracting the bit from the stopper, pressing the block of
beeswax against the bit, then continuing the drilling process. If you force the bit

Motor
(in back)

Replaceable drill bit

Drilling stand

Lever arm

Fig. 1.13 Motorized cork borer.
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Fig. 1.14 An example of forced core drilling of a rubber stopper.

through the stopper, the resulting hole will lose its continuity and generally will
decrease in diameter, as shown in Fig. 1.14.

When using a motorized borer machine on cork, use a cork bit that has an edge
with saw blade teeth rather than a knife-edged rubber stopper bit (see Fig. 1.15).
This is especially true on small corks. A rubber stopper borer slices through the
material, demanding that the stopper or cork expand to make room for the borer
itself. Corks can't stretch (as can rubber stoppers) and tend to crack and split.
Larger corks are more likely to survive the stresses caused by a rubber stopper
borer. On the other hand, cork borers chip away at the cork and remove the cork
just as a saw removes pieces of wood as it cuts. The cork borer cuts its own path
through the cork, allowing room for the borer, whereas the stopper borer requires
the cork or stopper to squeeze around the borer. When selecting cork-boring bits,
match the outside diameter of the bit to the piece you wish to insert. During the
drilling operation, occasionally lift the blade up to help remove cork shards, other-
wise these shards will fill up the channel being cut and will make drilling difficult.

1.3.4 Inserting Glass Tubing into Stoppers

The most common reason to bore holes in rubber stoppers is to insert glass tubing.
Safe and proper techniques are simple and easy. Before inserting the glass, be sure
that both ends of the glass tube are fire polished. Fire-polishing removes sharp
ends or chipped edges. To fire-polish the end of a tube, place it in the flame of a
gas-oxy torch (see the chapter on gas-oxy torches) and rotate the tube until the
edge just starts to melt. Do not overdo it. If you let the tube remain in the flame
too long, the end could close up. Because glass is a poor conductor of heat, the

Cork borer

Rubber stopper
borer

Fig. 1.15 Two different types of core bits.
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Fig. 1.16 Preventing hot gases from "tunneling"up a tube with a cork in the end.

piece must be rotated while in the flame. Otherwise only one side will be softened
and surface tension will cause it to sag in and distort. It may be possible to fire-
polish a small tube over a Bunsen burner, but it will take a long time for borosili-
cate glass to get sufficiently hot to melt. Tunneling (the transport of hot gases
from the flame traveling down the tube, causing the tube to become excessively
hot) can be prevented by placing a cork in the opposite end of the tube (see
Fig. 1.16).

After fire-polishing a glass tube, let it cool before trying to place it in a stopper.
Do not try to speed up the cooling process by placing the tube under running
water, because the rapid temperature change is likely to cause a crack on the
newly prepared end.

Use some lubrication on the tube and rubber stopper. This lubrication can be
glycerin, soapy water, or even plain water. Hold the glass rod close to the rubber
stopper and keep the glass rod as short as possible. The preferable distance should
be no greater than about three diameters of the tubing away from the rubber stop-
per (see Fig. 1.17). The longer the distance, the greater the torque that can be cre-
ated. As the tensile forces increase, the chances increase that you will break the
glass tubing. Use a rotating motion to guide (not force) the tubing into the stopper.
For safety's sake, wear leather gloves. Leather gloves are preferred because they
provide a good amount of tactile control, a reasonable amount of friction, and
excellent protection. A paper towel is not sufficient to meet any of these three cri-
teria.

Finqers
Distance

umb

Diameter
"x"

1
J

Fig. 1.17 Insertion of a tube into a rubber stopper.
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1.3.5 Removing Glass from Stoppers
and Flexible Tubing

After a glass tube has been left in flexible tubing or a rubber stopper for a period
of time, it is typically hard to remove. The easiest and safest way to remove flexi-
ble tubing from a glass tube or rod is to cut it off with a razor blade and discard
the destroyed end of the flexible tubing. This method is not always possible with a
rubber stopper because the stopper is too big to cut through. However, whenever
cutting tubing or a stopper is possible, it is the recommended and safest proce-
dure.

The reason for cutting off flexible tubing or a rubber stopper is because the
force to remove the tubing or stopper may be greater than the tensile strength of
the glass. Generally, it is much more difficult and costly to repair and/or replace
glass items than it is to replace a stopper or flexible tube. When the hazard of
sharp glass is considered, the flexible tubing and rubber stopper become clearly
expendable.

There is a trick for removing a stopper from glass tubing or a rod that uses a
cork borer (see Fig. 1.18). Select a borer size that is just greater than the size of
your glass rod or tube. Then prelubricate the outside of the borer with glycerin
(preferred), or soap and water, and ease the borer between the stopper and glass.
When the borer is inserted all the way into the stopper, the glass tube or rod can be
easily pulled out from the borer's hole. This trick can also be used to insert a tube
or rod into a stopper by reversing the process.

1.3.6 Film Enclosures

Ground joint stoppers and snap-on plastic caps are commonplace, but many labo-
ratory containers do not come with built in stoppers or seals. In the absence of a
formal closure, or closures such as corks or rubber stoppers, there is the covering
film, PARAFILM "M"®.*

PARAFILM "M"® is a thermoplastic film. Depending on its width, it can come
in rolls of 50 to 250 feet in length. A portion of the plastic sheet is cut off the roll,
laid over the clean dry top of a container, and stretched over and downward. The

Fig. 1.18 A cork borer can remove (or insert) a stopper from a glass tube or rod.

'PARAFILM "M"® is a product of American National Can, Greenwich, CT 06836.
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paper support film usually tears off during this process. The film forms a closure
that can prevent spillage from the container during normal use.

PARAFILM is best used over water solutions, but may be used for short periods
over polar-hydrocarbon solutions. Other organic solutions will dissolve the film. It
is not designed to prevent spills from tipped-over containers, nor can it contain
pressure. If you need to shake a container, do not depend on PARAFILM to main-
tain its seal. When agitating a container, leave a thumb, finger, or even the palm of
your hand (depending on the size of the opening) over the seal to ensure against
leakage.

PARAFILM is excellent for keeping air and dust out of containers, and it can be
used to maintain containers clean when stored. Although PARAFILM does not
wet (liquids run right off it), once used, it should be discarded to avoid contami-
nating other work. If it has been in contact with toxic materials, it should be
thrown into a proper hazardous waste receptacle.

1.4 O-Rings

1.4.1 O-Rings in the Laboratory
O-rings are commonly found on mechanical vacuum pumps, rotary valves, and O-
ring joints. O-rings are used to separate environments. If an O-ring is attacked by
the chemicals from one or both of these separated environments and fails, it will
lose its protective sealing capabilities. Similarly, if an O-ring is left in a chemi-
cally destructive environment, it may become dysfunctional without ever having
been used.

1.4.2 Chemical Resistance of O-Ring Material
When an O-ring needs replacement (such as in a mechanical vacuum pump), the
manufacturer can provide, or recommend, an O-ring that will be resistant to the
pump's vacuum fluid. On the other hand, when an O-ring is being used in varying
conditions, you will be responsible for the selection of the proper O-ring material
to maintain the integrity of your system and the health and safety of the operators.

As is typical for most polymers, the material composition of an O-ring may be
suitable for one chemical environment and unsuitable for another. For example,
ethylene propylene rubber is excellent in water conditions and exhibits essentially
no swelling in these environments. However, if any lubrication is required, a
petroleum-based lubricant will deteriorate the rubber. If needed, a silicone, glyc-
erin, or ethylene glycol lubricant is recommended.

An increase in size is a common reaction to O-ring materials in specific harsh
environments. This is not necessarily bad if expansion enhances sealing. The
worst that happens is that when the apparatus is taken apart, the O-ring is no
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longer able to fit where it came from and a new one must be used. Typically, how-
ever, the distorted O-ring tends to expand beyond its confines causing leaks and
creating a mess.

There are seven primary materials from which O-rings are made. Table 1.9 cata-
logs these different materials, listing suitable and unsuitable chemical contacts
and properties for each. Also included is a single O-ring price comparison (these
1991 prices are not meant to be absolute and are only offered to provide compari-
son).

By its design, an O-ring should not require stopcock grease to improve its seal,
although the grease may provide peripheral assistance. For example, stopcock
grease may be used on rotary valves to facilitate the axial movement of O-rings
against the glass barrel. In addition, it may also be used as an extra protective bar-
rier against solvents. For example, if you are using Viton O-rings in a ketone envi-
ronment (i.e., acetone), you could lay a thin film of silicone grease on the O-ring
to protect the surface. The easiest way to apply a thin film of grease is to rub a bit
of grease on your fingertips,* then rub it onto the O-ring. This method will limit
the contact between the O-ring and the ketone, which in turn will increase the lon-
gevity of the O-ring. Do not, however, depend on this technique as a standard, or
long-term, O-ring protection procedure.

Incidentally, several companies cover one type of O-ring material (i.e., Buna-N)
with a Teflon sheath. These O-rings have the resiliency of less expensive O-rings
with the chemical inertness of Teflon.

1.4.3 O-Ring Sizes

There are almost 400 standard-size O-rings. This number does not take into con-
sideration military sizes, special orders, and unique shapes. Most standard-size O-

Wall thickness

7T W

Fig. 1.19 The O-ring dimensions.

*Be sure your hands are clean, to minimize contamination as much as possible.
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rings are for use in reciprocating seals, static seals, and rotary seals, each of which
makes contact on the inside or outside diameter of the O-ring.

O-ring dimensions are based on the ring's internal diameter (I.D.) and its wall
thickness* (W) (see Fig. 1.19), which are typically measured in English measure-
ments (in thousandths of an inch). However, O-rings are not ordered by outside
diameter or wall thickness. Rather, you order by a standardized size code called a
dash number. O-ring sizes are grouped into common thicknesses, and the first
number of the dash number represents a wall thickness group. All O-rings with
the same first number have common wall thicknesses. Table 1.10 shows the dash
number and sizes of metric dimensions of four commonly used O-ring thick-
nesses.

Table 1.9 Comparison of Primary O-ring Material

Name

BUNA N (nitrile)

E.P. (ethylene pro-
pylene)

FETFE (fluo-
roelastomer with
TFE additives)

Kalrez (perfluoro-
elastomer)

Suitable for ...

Aromatic hydrocar-
bons, dilute acids and
bases, silicones,
helium & hydrogen

Water, dilute acids and
alkalies, ketones, alco-
hols, phosphate ester
base fluids, and sili-
cone oils

Alcohols, aldehydes,
chlorinated organics,
paraffins, concen-
trated mineral acids,
and mild bases

All chemicals

Unsuitable for...

Halogen compounds,
halogenated hydrocar-
bons (carbon tetra-
chloride,
trichlorethylene),
ketones (acetone),
nitro compounds, or
strong acids

Petroleum oils or
diester base lubricants

Ketones and ethers

Alkali metals and fluo-
rine

Comments

Typical color: black.
Temperature range: -50
to 120°C. Easily com-
pressed. Density: 1.00.
Lowest permeability
rates for gases of all
elastomers.

Typical color: purple.
Temperature range: -54
to 149°C. Easily com-
pressed. Density: 0.86.

Typical color: black
Temperature range: -23
to 240°C. Firm compres-
sion. Density: 1.85

Typical color: black.
Temperature range:-37
to 260°C. Firm compres-
sion. Density: 2.02.
Chemically inert proper-
ties similar to Teflon, but
mechanically similar to
Viton. Very expensive.
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$0.25

$0.85

$0.85

$21.50

'Occasionally, the outside diameter (O.D.) is also referred to, but such references are redundant.
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Table 1.9 Comparison of Primary O-ring Material (continued)

Name Suitable for... Unsuitable for... Comments 6
8 -H

Silicone Alcohols, aldehydes,
ammonia, dry heat,
chlorinated diphenyls,
and hydrogen perox-
ide

Petroleum oils or
fuels, aldehydes, con-
centrated mineral
acids, ketones, esters,
and silicone fluids

Typical color: brick red
Temperature range:-60
to 260°C. Easily com-
pressed. Density: 1.15—
1.32

$0.90

Teflon (PTFE) All chemicals Alkali metals and fluo-
rine

Typical color: white.
Temperature range:-180
to 260°C. Firm compres-
sion, but poor resil-
iency. Density: 2.20.

$0.85

Viton A (hexaflu-
oroprpylene and
1, 1-difluoro-eth-
ylene)

Acids, halogenated
aromatic and aliphatic
hydrocarbons, alco-
hols, concentrated
bases, non-polar com-
pounds, oxidizing
agents, and metalloid
halides

Aldehydes, ketones,
ammonia, fluorides/
acetates, acrylonitrile,
hydrozine/analine,
and concentrated min-
eral acids

Typical color: brown.
Temperature range:-30
to 200°C. Firm compres-
sion. Density: 1.85.
Probably the best all
round O-ring material.

$0.90
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Table 1.10 Representative Dash Numbers
and Dimensions of O-Rings in Metric Sizes

Dash
#

001

002

003
004

005

006

007

008

009

010

Oil

012

013

014
015

016

017

018

019

020

021

022

023
024

025
026

027

028

029

030

031

032

033

034

035

036

037

038

039

040

I.D.
(mm)

0.74

1.07
1.42

1.78

2.57

2.90

3.68

4.47

5.28

6.07

7.65

9.25

10.82

12.42
14.00

15.60

17.17

18.77

20.35

21.95

23.52

25.12
26.70

28.30

29.87
31.47

33.05

34.65

37.82

41.00

42.52

47.35

45.70

53.70

56.87

60.05

63.22

66.40

69.57

72.75

W
(mm)

1.52

1.52

1.52
1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78
1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78
1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

1.78

Dash
#

102
103

104

105

106

107

108

109

110

111

112

113

114
115

116

117

118

119

120

121

122

123
124

125
126

127

128

129

130

131
132

133

134

135

136

137

138

139

140

I.D.
(mm)

1.25

2.06
2.85

3.63

4.42

5.23

6.02

7.59

9.19

10.77

12.37

13.90

15.50
17.12

18.72

20.30

21.89

23.47

25.07

26.65

28.25

29.82

31.42

33.00
34.59

36.17

37.77

39.35

40.95

42.52

44.12

45.69

47.29

48.90

50.47

52.07

53.64

55.24

56.82

W
(mm)

2.62

2.62
2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62
2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62
2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

2.62

Dash
#

201

202
203
204

205

206

207

208

209

210

211

212

213

214
215

216

217

218

219

220

221

222

223
224

225
226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

I.D.
(mm)

4.34

5.94

7.52
9.12

10.69

12.29

13.87

15.47

17.04

18.64

20.22

21.82

23.39

24.99
26.57

28.17

29.74

31.34

32.92

34.52

36.09

37.69

40.87

44.04

47.22
50.39

53.57

56.74

59.92

59.92

66.27

69.44

72.62

75.79

78.97

82.14

85.32

88.49

91.67

94.84

W
(mm)

3.53

3.53
3.53
3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53
3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53
3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

3.53

Dash
#

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323
324

325
326

327

328

329

330

331
332

333

334

335

336

337

338

339

340

I.D.
(mm)

10.46

12.07

13.64

15.24

16.81

18.42
19.99

21.59

23.16

24.77

26.34

27.94

29.51

31.12

32.69

34.29

37.47
40.64

43.82

46.99

50.17

53.34

56.52

59.69

62.87

66.04

69.22

72.39
75.57

78.74

81.92

85.09

W
(mm)

5.33

5.33

5.33

5.33

5.33

5.33
5.33

5.33

5.33

5.33

5.33

5.33

5.33

5.33

5.33

5.33

5.33
5.33

5.33

5.33

5.33

5.33

5.33

5.33

5.33

5.33

5.33

5.33

5.33

5.33

5.33

5.33
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Measurement

2.1 Measurement: The Basics

2.1.1 Uniformity, Reliability, and Accuracy

We do not measure things. Rather, we measure properties of things. For example,
we cannot measure a box, but we can measure its properties such as its mass,
length, and temperature.

To properly compare and analyze the things in our universe, we need to com-
pare and analyze their properties. Because people all around the world are making
measurements, we must ensure there is agreement on all the various types of mea-
surements used. Difficulties arise because measurements have both quantitative
and qualitative aspects. The fact that the two lines on the international prototype
platinum-iridium bar in France are one meter apart is quantitative; how you mea-
sure other objects with that bar is qualitative. The ability to match up two lines
may seem simple, but, depending the desired accuracy, such simple operations are
in fact difficult. This difficulty is why using measuring equipment is a qualitative
art.

No one uses the prototype meter as an actual measuring tool; rather, copies are
made from the original prototype, and these copies are used as masters to make
further copies. By the time you purchase a meter stick, it is a far distant cousin
from the original meter prototype. However, despite the length of the progeny
line, you hope that the copy you have is as good as the original. Depending on the
expertise of the engineers and machinists involved, it should be very close. To
obtain that quality, the engineers and machinists were guided by three factors;
uniformity, reliability, and accuracy. Without these basic tenets, the quality of the
meter stick you use would be in doubt. Likewise, the quality of the use of the
meter stick is also dependent on the same three factors, without which all readings
made would be in doubt.

Uniformity requires that all people use the same measurement system (i.e.,
metric vs. English) and that all users intend that a given unit of measurement rep-
resents the same amount and is based on the same measurement standard used

65
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everywhere else. It is the user's responsibility to select equipment that provides
measurements that agree with everyone else.

Reliability requires the ability to consistently read a given measurement device
and also requires a given measurement device to perform equally well, test after
test. It is the user's responsibility to know how to achieve repeatable data from the
equipment being used.

Accuracy refers to how well a measurement device is calibrated and how many
significant figures one can reliably expect. It is the user's responsibility to know
how to read his equipment and not interpolate data to be any more accurate (i.e.,
significant figures) than they really are.

Laboratory research is dependent on reliable quality measurements and the use
of uniformity, reliability, and accuracy to achieve this goal and this cannot be
emphasized enough. Poor or inaccurate measurements can only lead to poor or
inaccurate conclusions. A good theory can be lost if the experimental data are
misread.

Commerce is equally dependent on uniformity, reliability, and accuracy of mea-
surement systems. The potential economic liabilities of mismeasurements and
misunderstanding are easy to understand. In fact, it was the economic advantages
of uniformity that led to the metric system's expansion after the Napoleonic wars.
What can upset and/or confuse consumers and businesses is when the same word
(which may have varying meanings) is applied to different weights. We still con-
fuse the weight value of a ton and the volume of a gallon: In the United States, the
ton is equal to 2000 lb; however, in Great Britain it is equal to 2240 lb. Similarly,
in the United States, the gallon is established as 231 cubic inches; however, in
Great Britain it is 277.42 cubic inches. If you are aware of these differences, you
can make the appropriate mathematical corrections. But realistically, it should not
be a problem to be dealt with. Rather, the problem of different measurement sys-
tems should be avoided in the first place. That is specifically was what the metric
system was designed to do.

2.1.2 History of the Metric System

Overcoming the incongruities of inconsistent measurement systems on an interna-
tional basis was considered for centuries. The basics of the metric system were
first proposed by Gabriel Mouton of Lyon, France, in 1670. This vicar (of St.
Paul's Church) proposed three major criteria for a universal measurement system:
decimalization, rational prefixes, and using parts of the earth as a basis of mea-
surement (length was to be based on the arc of one minute of the earth's longi-
tude). There was also a desire to find a relationship between the foot and gallon
(i.e., a cubic foot would equal one gallon). Unfortunately, these measurement
units were already in use, and because there was no basis for these measurements
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Table 2.1 Base SI Units*
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Quantity

length

mass

time

electric current

thermodynamic temperature

amount of substance

luminous intensity

Unit

meter

kilogram

second

ampere

kelvin

mole

candela

Symbol

m

kg

s

A

K

mol

cd

* From the ASTM document E380-86, Table 1. With permission.

to have any easy mathematical agreement, they did not. No simple whole number
could be used to correct the discrepancy.

Gabriel Mouton's ideas were discussed, amended, changed, and altered for over
120 years. Eventually, a member of the French assembly, Charles Maurice Talley-
rand-Perigord, requested the French Academy of Sciences to formalize a report.
The French Academy of Sciences decided to start from scratch and develop all
new units. They defined the meter as one ten-millionth of the distance from the
North Pole to the equator. They also decided that the unit for weight would be
based on the weight of a cubic meter of water in its most dense state (at 4°C). This
plan allowed the interlinking of mass and length measurement units for the first
time. In addition, they proposed prefixes for multiples and submultiples of length
and mass measurements, eliminating the use of different names for smaller and
larger units (i.e., inch/foot or pint/quart units).

On the eve of the French Revolution, June 19, 1791, King Louis XVI of France
gave his approval of the system. The next day, Louis tried to escape France but
was arrested and jailed. A year later from his jail cell, Louis directed two engi-
neers to make the measurements necessary to implement the metric system.
Because of the French Revolution, it took six years to complete the required mea-
surements. Finally, in June 1799 the "Commission sur l'unite de poids du
Systeme Metrique decimal" met and adopted the metric system. It was based on
the gram as the unit of weight and the meter as the unit of length. All other mea-
surements were to be derived from these units. The metric system was adopted
"For all people, for all time."

The metric system sought to establish simple numerical relationships between
the various units of measurement. To accomplish this goal, the Commission took a
cubic decimeter* of water at its most dense state (4°C), designated this volume as
one "liter," and designated its mass (weight) as one "kilogram." In so doing, the
commission successfully unified mass, length, and volume into a correlated mea-

For a description of how the meter was derived, see Sec. 2.1.3.
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surement system for the first time. Official prototypes of the meter and kilogram
were made and stored in Paris.

Because of Napoleon's conquests, the metric system spread rapidly throughout
Europe. However, it was not in common usage in many areas (even in France)
until international commerce took advantage of its simplicity and practicality. By
the mid-1800s, it was the primary measurement system in most of Europe. In
1875 the International Bureau of Weights and Measures was established near
Paris, France. It formed a new international committee, called the General Confer-
ence on Weights and Measures (CGPM), whose goal was to handle international
matters concerning the metric system. The CGPM meets every six years to com-
pare data and establish new standards. Every member country of this committee*
receives a copy of the meter and kilogram prototype with which to standardize
their own country's measurement system.

Over the years there has been ongoing fine-tuning of the measurement system
because the greater the precision with which our measurement units can be ascer-
tained, the better we can define our universe. A new era in the measurement sys-
tem came in 1960, at the 11th meeting of the CGPM, when the International
System of Units (SI) was established. This system established four base units: the
meter, kilogram, second, and ampere. They are collectively known as the MKSA
system. Later, three more base units were added: kelvin (for temperature), candela
(for luminous intensity), and mole (for the amount of substance) (see Table 2.1).
In addition, two supplementary base units (which are dimensionless) were added:
radian (plane angles) and steradian (solid angles) (see Table 2.2).

From the nine base units, over 58 further units have been derived and are known
as derived units. There are two types of derived units: those that have special
names (see Table 2.3) and those that have no special names (see Table 2.4). An
example of a derived unit with a special name is force, which has the unit newton
(the symbol N) and is calculated by the formula "N = kg-^s2." An example of a
derived unit that does not have a special name is volume, which has the unit of
cubic meter (no special symbol) and is calculated by the formula "volume = m3."

Table 2.2 Supplementary SI Units"

Quantity
Plane angle

Solid angle

Unit

radian

steradian

Symbol

rad

sr

" From the ASTM document E380-86, Table 2, with per-
mission.

"The National Institute of Standards and Technology (formally the National Bureau of Standards)
represents the United States at the CGPM. They store the United States' copies of the original mea-
surement prototypes.
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Table 2.3 Derived SI Units with Special Names*
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Quantity
Frequency (of a periodic phenomenon)

Force

Pressure, stress

Energy, work, quantity of heat

Power, radiant flux
Quantity of electricity, electric charge
Electrical potential, potential difference, elec-
tromotive force
Electric capacitance

Electric resistance

Electric conductance

Magnetic flux

Magnetic flux density

Inductance

Celsius temperature

Luminous flux

Illuminance

Activity (of a radionuclide)

Absorbed dose*

Dose equivalent

Unit

hertz

newton

pascal

joule

watt

coulomb

volt

farad

ohm

Siemens

weber

tesla

henry

degree

lumen

lux

becquerel

gray

sievert

Symbol

Hz

N

Pa

J

W

C

V

F

a.
s
Wb

T
H

°C

lm

lx

Bq
Gy

Sv

Formula

1/s

kg-m/s2

N/m2

N-m

J/s

A-s

W/A

C/V

V/A

A/V

V-s

Wb/m2

Wb/A

Kc

cd-sr

lm/m2

1/s

J/kg

J/kg

° From the ASTM document E380, Table 3, reprinted with permission.
h Related quantities using the same unit are: specific energy imparted, kerma, and absorbed
dose index.
c Celcius temperature (t) is related to thermodynamic temperature (T) by the equation: t = T-
To where To = t0 273.15 K by definition.

Table 2.4 Some Common Derived Units of SI

Quantity

Absorbed dose rate
Acceleration

Angular acceleration

Angular velocity
Area

Concentration (of amount of
substance)
Current density

Density, mass

Unit

gray per second

meter per second squared

radian per second squared

radian per second
square meter

mole per cubic meter

ampere per square meter

kilogram per cubic meter

Formula

Gy/s

m/s2

rad/s2

rad/s

m2

mol/m2

A/m2

kg/m2
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Table 2.4 Some

Quantity
Electric charge density

Electric field strength

Electric flux density

Energy density

Entropy

Exposure
Heat capacity
Heat flux density

Irradiance

Luminance

Magnetic field strength

Molar energy

Molar entropy

Molar heat capacity

Moment of force
Permeability (magnetic)
Permittivity
Power density

Radiance

Radiant intensity

Specific heat capacity

Specific energy
Specific entropy
Specific volume

Surface tension
Thermal conductivity
Velocity

Viscosity, dynamic

Viscosity, kinematic

Volume

Wave number

Common Derived Units of SI

Unit
coulomb per cubic meter

volt per meter

coulomb per square meter

joule per cubic meter

joule per kelvin

coulomb per kilogram
joule per kelvin
watt per square meter

candela per square meter

ampere per meter

joule per mole

joule per mole kelvin

joule per mole kelvin
newton meter

henry per meter
farad per meter

watt per square meter

watt per square meter steradian

watt per steradian

joule per kilogram kelvin

joule per kilogram
joule per kilogram kelvin
cubic meter per kilogram

newton per meter

watt per meter kelvin
meter per second

pascal second
square meter per second

cubic meter

1 per meter

(continued)

Formula

C/m3

V/m

C/m2

J/m3

J/K

C/kg

J/K

W/m2

cd/m2

A/m

J/mol

J/(mol)K)

J/(mol)K)

N-m
H/m
F/m

W/m2

W/(m2-sr)

W/sr

J/(kgK)

J/kg
J/(kg-K)

m3/kg

N/m

W/(mK)
m/s

Pas

m2/s

m3

1/m

" From the ASTM document E380, Table 4, reprinted with permission.

Among the advantages of the International System of Units system is that there
is one, and only one, unit for any given physical quantity. Power, for instance, will
always have the same unit, whether it has electrical or mechanical origins.

In the United States, measurements made with metric units were not legally
accepted in commerce until 1866. In 1875 the United States became a signatory to
the Metric Convention, and by 1890 it received copies of the International Proto-
type meter and kilogram. However, rather than converting our measurement sys-
tem to metric, in 1893 Congress decided that the International Prototype units
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were acceptable as fundamental standards on which to base our English units.
Thus, the metric system was not implemented by the government and was not
adopted by the nation at large.

By 1968 the United States was the only major country that had not adopted the
SI system. Congress ordered an investigation to determine whether the United
States should follow the International Standard. In its 1971 report, Congress rec-
ommended that we have a coordinated program of metric conversion such that
within 10 years we would be a "metric country." With this hope in mind, President
Ford signed the Metric Conversion Act of 1975. Unfortunately, as of the writing
of this book, in 1997, we see little evidence of "metrification." In the near future
there may be difficulties for U.S. manufacturers because the European Common
Market has decided that by 1992, it will no longer accept items not made to metric
standards. Added to this is ISO 9000, a program to formalize procedures and
methodology. Although not specifically required, it indirectly provides an advan-
tage to those using metric systems.

If you look at the history of measurement, it shows constant attempts to better
define and refine our measurement units. Early measurement standards were arbi-
trary such as the Egyptian cubit (the tip of the finger to the elbow). Since then we
have tried to base measurement standards on non-changing, consistent, and
repeatable standards, some of which turned out to be inconsistent and/or impracti-
cal. The work of the metrologist will never be complete. The more accurately we
can define our measurement standards, the better we can measure the properties of
our universe.

2.1.3 The Base Units

This book focuses in on the original base units (length, mass, and temperature),
plus one of the derived units (volume), because these measurements are the most
commonly used measurements in the lab. Time is included in this section only
because it provides an interesting commentary on the metrologists' desire to split
hairs in their endeavor to achieve accuracy.

Length. The original metric standard for the length of a meter was "one ten-
millionth part of a quadrant of the earth's meridian." Astronomical measurements
(at that time) indicated that one-tenth of a quadrant of the earth's meridian was
measured between Dunkirk, in France, and a point near Barcelona, Spain. This
distance was dutifully measured and divided by one million to obtain the meter. It
is fortunate that the meter was later redefined, because if you take what we now
call a meter and measure the distance between the Dunkirk and Barcelona points
used, you get the length space of 1,075,039 meters. This space is an accuracy of
only 7.5 in 100 meters.

Reproducible accuracy was increased substantially by the development and use
of the International Prototype Metre, the platinum-iridium bar. By physically
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comparing the lines on this bar with a secondary prototype, an accuracy was
achieved to within two parts in 10 million.

In 1960 (at the same meeting during which the International System of Units
was accepted) the meter was redefined as being 1,650,763.73 wavelengths (in vac-
uum) of the orange-red spectral line of krypton-86. This system had several prob-
lems, chief of which was that this figure could only be reached by extrapolation
because it was not possible to extend an accurate quantity of waves beyond some
20 centimeters. To obtain the required number of wavelengths for a meter, several
individual measurements were taken in succession and added together. This mea-
surement procedure, because of its nature, increased the likelihood for error.
Despite the limitations of the krypton-86 based meter, it brought the accuracy to
within two parts in 100 million.

In 1983 yet another definition of the meter was adopted: It was the distance that
light would travel (in a vacuum) during 1/299,792,458 of a second. This attempt
provided a measurement ten times more accurate than that obtained through kryp-
ton-86 techniques. This meter, accurate to within four parts in one billion, is still
in use today.

Mass. The kilogram is unique in several aspects within the metric system. For
one, it is the only base unit that includes a prefix in its name (the gram is not a
base unit of the International System of Units). Also, it is the only base unit
defined by a physical object as opposed to a reproducible physical phenomenon.
The kilogram was based on the weight of one cubic decimeter of water at its most
dense state (4°C). The original "standard mass kilogram" was made by construct-
ing a brass weight, making careful weighings (using Archimedes' Principle*), and
then making an equivalent platinum weight. The platinum weight is called the
Kilogramme des Archives and is kept at the International Bureau of Weights and
Measures near Paris, France.1

About a hundred years later during studies verifying previous data, it was dis-
covered that a small error in the determination of the kilogram had been made.
The problem was caused by the consequences of very small variations of temper-
ature causing very small variations in density, which in turn caused inaccurate
weighings. The CGPM decided against changing the mass of the kilogram to a
corrected amount; rather, it accepted the mass of the kilogram as being that
obtained from the original Kilogramme des Archives.

It has been hoped that there will be some naturally occurring phenomenon in
nature to which we can ascribe the value of the kilogram, thus allowing the kilo-
gram to be based on a reproducible phenomenon rather than relying on a physical

Simply stated, a submerged body is buoyed up by a force equal to the weight of the water that the
submerged body displaces. In other words, if an object weighs 1.5 kilograms in air, and the weight
of the water it displaces is equal to 1.0 kilogram, the object will weigh 0.5 kilograms in water.
+A copy of the prototype is held by the National Institute of Standards and Technology (formally the
National Bureau of Standards) and by all other countries who have signed agreements following the
International System of Units.
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artifact. Although there have been several efforts toward this goal, such as count-
ing molecules, our current technological level cannot achieve any greater accu-
racy than that obtained by simply comparing weights of unknowns against our
current prototypes.

Volume. As previously mentioned, the unit for volume (the liter) was to be one
cubic decimeter of pure water at its most dense state (4°C). Later analysis deter-
mined that errors were made in the determination of the kilogram and that the
mass of one decimeter of water was slightly less than the prototype kilogram.
However, the use of the kilogram as it had already been defined was so well estab-
lished that change became impossible. Thus, in 1872, the "Commission Interna-
tionale du Metre" met to redefine the kilogram as the mass of a particular standard
weight (the Prototype Kilogram) instead of the weight of a liter of water.

The concept of the liter was cast into doubt. Was it to be based on the weight of
a standard volume of dense water as before, or was it to be an alternate name of
the cubic decimeter?

The first attempt to resolve the conflict was in 1901 when the "Comite Interna-
tional des Poinds et Mesures" resolved that "The unit of volume for determina-
tions of high precision is the volume occupied by a mass of 1 kilograms of pure
water at its maximum density and under normal atmospheric pressure." This vol-
ume, so defined, was identified as a "liter."1 However, this designation still left the
discrepancy that this definition actually redefined the liter to be equivalent to
1.000027 dm3. There was once again a discrepancy as to what a liter was. So, at
the 12th conference of the "Comite International des Poinds et Mesures," the unit
of volume was redefined for the last time as the cubic decimeter. The liter, no
longer the official unit of volume, was nevertheless so close to the cubic decimeter
in size that unofficially it was deemed acceptable to continue its use; however, for
situations that required extremely high-quality measurements, only the cubic
decimeter was acceptable. The cubic decimeter remains the standard of volume
today.

Temperature. Temperature was not one of the original properties that the
French academy deemed necessary to include in the metric system. In fact, as late
as 1921, members of the 6th General Conference of the International System of
Weights and Measures were still objecting to the inclusion of measurements
(other than length and mass) seemingly for no other reason other than to keep the
base units "pure."

The measurement of temperature is a measurement of energy and therefore has
different measurement characteristics than other properties. The primary differ-
ence in temperature measurement is that it is not cumulative. You can take two
different meter sticks and place them end to end to measure something longer than
one meter. The comparable action can be made for the measurement of mass.
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However, you cannot take two thermometers and add the temperature of the two if
a material's temperature is greater than the scale of either thermometer.

The first thermometer is believed to have been created by Galileo sometime
between 1592 and 1598. It was a glass sphere attached to one end of a long, thin
glass tube. The other end of the glass tube was lowered vertically into a bowl of
colored water (or perhaps wine). Using the warmth of his hands, Galileo heated
the glass sphere, causing bubbles to come out of the glass tube. Then, by letting
the sphere cool to room temperature, Galileo caused the liquid to be drawn up into
the tube. By heating and/or cooling the glass sphere, the liquid would ride up and
down the tube.

Although there is no record that he ever calibrated the tube, he used it in temper-
ature study. Galileo's thermometer was impossible to calibrate even if he had
decided on fixed points with which to establish specific temperatures because it
was exposed to the atmosphere and subject to variations in atmospheric pressure.
By 1640, it was realized that the "air thermometer" was subject to variations of
barometric pressure and the sealed thermometer was created. However, the need
to establish fixed points of reference had still not been addressed.

The need to establish fixed points to provide uniformity between thermometers
is no different than the need for uniformity with any measurement system. Many
thermometers were built in the following years, but either there was no calibra-
tion, or the calibration was not based on any repeatable fixed point. One of the
first attempts of establishing calibration points was made in 1693 by Carlo Renal-
dini of Padua, who set the low temperature point with ice. For the next point, he
took 11 ounces of boiling water and mixed it with one ounce of cold water. Next
he mixed 10 ounces of boiling water with two ounces of ice water. The process
continued until 12 divisions were established on the thermometer. Although
Renaldini had an interesting approach to establishing fixed points on the ther-
mometer, it was neither practical nor accurate.

The first commonly used temperature measurement scale was devised in 1724
by the Dutch scientist D. Gabriel Fahrenheit. It took 16 years for Fahrenheit to
devise a process for calibrating his scales. Fahrenheit used three points for calibra-
tion. The lowest, 0°, was the lowest temperature he could create by mixing ice,
water, and ammonium chloride (a slush bath of sorts). The second temperature
was ice, at 32°, and the high temperature point was the human body temperature,
96°. The choice of identifying the low temperature was logical, but the choice of
the high temperature seems illogical. Lindsay2 assumed that 96 was chosen
because it was an even multiple of 12. However, I haven't seen any evidence that
the Fahrenheit scale was ever divided into multiples of 12. Also, the human body
is closer to 98°. If the scale was originally based on a duodecimal system and
changed to a decimal system, the human body would be 100° Fahrenheit. Regard-
less, if the human body were fixed at 96°, that fixed point would not change as
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thermometers were made more accurate. Regardless of the logic Fahrenheit used
for his scale, his quality was excellent and his thermometers became very popular.

In 1742 Anders Celsius, a Swedish astronomer, developed the mercury centi-
grade thermometer. He chose the boiling and freezing points of water as calibra-
tion points. Curiously, he chose 0° for the high temperature and 100° for the low
temperature.* His choices were reversed in 1850 by Marten Stromer, also a Swed-
ish astronomer. In 1948 the centigrade scale was officially renamed the Celsius
scale.

During the early 19th century, Lord Kelvin theorized that as temperature drops,
so does thermal motion. Thus, 0° should be the point at which there is zero
motion. This new 0° temperature would be equal to -273.15 degrees Celsius. For-
tunately, Kelvin had the foresight to keep things simple, and made a 1-degree
increment Kelvin exactly equal to a 1-degree increment Celsius. Originally, the
temperature Kelvin was capitalized. Now, it is not capitalized, and should be writ-
ten as kelvin. The abbreviation of kelvin is capitalized and written as K.f

There are two other temperature scales that still may be seen in old texts or jour-
nals, but are not acceptable for any current scientific work. Perhaps the rarer is the
Reaumur scale (°Re). It separated the range between freezing and boiling of water
into 80 units and was used in parts of Europe. The other temperature scale, the
Rankine, may be referred to in old books on thermodynamics. It was named after
W. J. M. Rankine, who did early research in that field. The Rankine is to Fahren-
heit what Kelvin is to Celsius. In other words, just as one degree K = one degree
C, one degree F = one degree R. Thus, 0 K = 0°R = -273.15°C = -459.67°F.

In 1954 the General Conference wanted to redefine the temperature scale using
various primary points in addition to the two points of freezing and boiling water.
The triple point of water (at 273.16 K) proved easy to obtain and very accurate
(one part in a million). In 1960 the triple point of water and five other fixed points
were accepted for an International Practical Temperature Scale.* This scale was
superseded in 1968 by the International Practical Temperature Scale (IPTS 1968),
which added eight more fixed points. The current scale is shown in Table 2.29.

Time. How long is a second, and how do you store that measurement? Various
attempts at measuring the length of a pendulum swing proved inadequate for the
task of accurately measuring the points of a given swing. The people who devised
very complex and systematic methods for defining the metric system did nothing
for time. During that period of time, 1/86,400 of a mean solar day was considered
to be an adequate definition of one second. However, by the mid-1900s the mean
solar day was found to vary by as much as three seconds per year. In 1956 the

*The Royal Society of London in the early 1700s used a reversed scale that describes 0° as "extreme

hot" and 90° as "extreme cold."

Measurements in kelvin are not preceded by the "°" symbol.

*Six different points were adopted because no one thermometer can read a full range of tempera-
tures, and no one thermometer can read a wide range of temperatures accurately. Thus, different
fixed points allowed for thermometers measuring different ranges to be accurately calibrated.
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International System of Weights and Measures denned the second to be " 1 /
31,556,925.9747 for the tropical year 1900 January 0 at 12 hours ephemeris
time."*4 In 1960 this standard was accepted by the General Conference with the
caveat that work continue toward development of an atomic clock for the accurate
measurement of time.

The atom exhibits very regular, hyperfine energy-level transitions and it is pos-
sible to count these "cycles" of energy. In 1967 the General Conference accepted
9,192,631,770 cycles of cesium-133 as the measurement of one second, making
the atomic clock the true international timekeeper. The cesium clock is main-
tained in Boulder, Colorado, in the offices of the National Institute of Standards
and Technology (formally the National Bureau of Standards). Its accuracy is one
part in 1,000,000,000,000 (1012). It will not gain or lose a second in 6000 years.

2.1.4 The Use of Prefixes in the Metric System

One of the strengths of the metric system is the consistency of its terms. In other
measurement systems, the names for measures change as the size of the measure-
ments change. For instance, consider the changes in the English measurement sys-
tem for length (inch-foot-yard), weight (ounce-pound-ton), and volume (ounce-
quart-gallon). In the metric system, all measurement names consist of a root term
that, by use of prefixes, yields fractions and multiples of the base measurement
unit.

The metric system is a decimal system, based on powers of 10. Table 2.5 is a list
of the prefixes for the various powers of 10. Between scientific notation and the
prefixes shown below, it is very simple to identify, name, read, and understand 36
decades of power of any given base or derived unit.

2.1.5 Measurement Rules
There are several general rules about making measurements. These rules are stan-
dard regardless of the type of equipment being used, material being studied, or the
measurement units being used.

1. The quality of the measurement is only as good as the last clearly
read number. No matter how obvious an estimated number may
seem, it is not as reliable as the one your equipment actually provides
for you. For example, see Fig. 2.1 and Fig. 2.2. If you want greater
accuracy in your readings, you need better equipment, which pro-
vides more precise measurements. One safe way to indicate greater
accuracy is to qualify a number. In the case of Fig. 2.1, you could
write 6.2 + 0.2. The selection of ±0.2 is somewhat arbitrary, as the
length is obviously greater than 6.0, yet smaller than 6.5.

Ephemeris time is a uniform measure of time defined by the orbital motions of the planets.
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It may be tempting to read the length of the block as 6.2 units,

but an accurate measurement would be 6 units.

Fig. 2.1 The degree of accuracy obtainable for any given reading is limited by the
quality of your equipment.

2. Remember the limits of significant figures. The numbers 8.3 and
0.00083 both have two significant figures. The number 8.30 has three.
Any calculations made can only be as good as the minimum number
of significant figures. Before the mid-1970s, three significant figures
were often the standard, because most calculations were made on
slide rules which had only three significant figures. With the advent of
digital readouts and calculators, the use of more significant figures is
common.

3. Be aware of equipment error. Measuring tools can be improperly cali-
brated or otherwise inaccurate. This problem can be the result of
improper use or storage, or faulty manufacturing. To guard against
inaccuracy of tools, maintain periodic records of calibration tests.
When the results are off the nominal values, your records will help
pinpoint the time frame when the inaccuracies started. All data made
prior to the last verification test should be discarded or held in ques-
tion.

Table 2.5 Powers of the Metric System"

Name
exa

peta

tera

giga

mega

kilo

hecta*

deca*

Symbol

E

P

T

G

M

k

h

da

Power

1018

1015

10'2

109

106

103

102

10'

Name

decia

centia

milli

micro

nano

pico

femto

atto

Symbol

d

c

m

n

P

f

a

Power

io-'

io-2

io-3

l O " 6

io-9

io-1 2

io-15

io-'8

" From the ASTM document E380, Table 5 , reprinted with permission.

* To be avoided where practical. (Although the SI prefers avoidance of these "power"
names, the centi is still commonly used.)
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Using this ruler, it is correct and accurate to measure
the block at 6.2 units.

Fig. 2.2 It is important to read only to the limits of your equipment.

4. Be sure the equipment is used in the proper environment. Some
equipment is designed to be used in limited environmental condi-
tions. For example, a vacuum thermocouple gauge is calibrated for
readings made in specific gaseous environments. If the vacuum sys-
tem contains gases other than those the gauge was designed to read,
inaccurate pressure data will result. In addition, variables such as
temperature, elevation, drafts, and whether the equipment is level can
all affect accurate performance.

5. Be aware of user error. Many errors are caused by the operator,
through sloppy readings or lack of experience with particular
equipment. Be sure you know how to read your equipment and how
to make any necessary conversions of your readings to the units that
you are using (i.e., microns to torr).

6. Avoid parallax problems. A "parallax" problem occurs when the object
being observed is not placed directly between the eye and measuring
device, but rather at an angle (see Fig. 2.3) between the two. An
incorrect sighting is easy to avoid, but requires conscious effort. Par-
allax problems show up with linear as well as liquid measurements.

7. Make many readings. This form of cross-checking proves that your
work is reliable and reproducible. It is unscientific to make conclu-
sions based on a limited amount of data. On the other hand, there has

LS 1 ! o 11 ! ?.

Correct sighting Incorrect sighting

Fig. 2.3 Correct and incorrect sightings of an object.
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to be a limit on the number of data collected because too much data
wastes time and money. Collect a statistically viable amount of data,
but be guided by common sense.

8. Keep your instruments and equipment clean. Filth cannot only chem-
ically affect the materials of your experiment, it can also affect the
operation of your measuring equipment. Therefore, just as your
experimental equipment must be kept clean, it is equally important
that your analysis and recording equipment also be kept clean. For
example, if the mercury in a McLeod gauge or manometer is dirty, the
manometer or McLeod gauge will not provide accurate readings.
Similarly, if pH electrodes are not stored in a proper, standard solu-
tion, they will not provide accurate readings. Even fingerprints on
objects used for weighing can affect the final weight. You are not
likely to produce results worthy of note (let alone reproducible
results) if your equipment is so filthy that the mess is obscuring or
affecting your readings.

2.2 Length

2.2.1 The Ruler
It is appropriate that the object used to measure length is called a ruler. The dictio-
nary's definition of a ruler is "a person who rules by authority."5 It therefore
makes sense that the final arbiter of an object's length should be known as a ruler.

In the laboratory, the ruler is the meter stick. The meter stick may have inch
measurements on one side (1 meter = 39 3/g inches), but a yardstick, or any ruler of
6, 12, or 18 inches has limited value in the laboratory unless it also has metric
measurements in addition to English measurements.

2.2.2 How to Measure Length

Because measurements using a meter stick are straightforward, no explanation is
provided. There are, however, two possible complications when using a meter
stick. One problem is reading beyond the limits of the measurement device, and
the other is parallax (see Fig. 2.1, Fig. 2.2, and Fig. 2.3).

Meter sticks have major limitations in that they can only measure flat objects.
For example, it is impossible to accurately measure the outside diameter of a
round-bottom flask, the inside diameter of an Erlenmeyer flask neck, or the depth
of a test tube with a meter stick. Fortunately, there are various devices and tech-
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The ends of a pair of dividers can be
inserted into an object to obtain an
internal measurement. The dividers
are then removed and laid on a meter
stick to obtain the measurement.

Once depth is established with a
depth gauge, measurement can be
read directly, or the device is removed
and laid onto a meter stick to
determine depth measurement.

Fig. 2.4 How to measure the inside diameter and length of an object.

niques that can be used with the meter stick. The three limitations just mentioned
can be resolved with the aid of other tools, as shown in Fig. 2.5 and Fig. 2.4.

Aside from meter sticks, there are other instruments used for linear measure-
ment such as the caliper and micrometer. Their designs and mechanisms for use
are very different, but both meet specific needs and have specific capabilities.

2.2.3 The Caliper
Although the caliper is not the most commonly used measuring device used by the
machining industry (the micrometer has that award), it has still tends to be limited
by American industries resistance against metrics. Thus, finding a good-quality
caliper with metric units may take some looking. Fortunately, the inexpensive
metal calipers (with both English and metric measurements) found in a hardware
store are fine for ±0.2-mm accuracy. The plastic calipers also found in hardware
stores are not recommended for anything.

la) (b)

A right-angle triangle pressed against a

round surface that is up against another

right-angled surface will provide a linear

surface for a meter stick to make a

measurement.

Fig. 2.5 How to measure the outside diameter of rounded objects.

A pair of dividers can be placed on

the outside edge of a round

surface. The dividers can then be

placed on a meter stick for diameter

measurement.
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Slide piece
(with index scale)

Outside

Fig. 2.6 The caliper and its three measurement capabilities

A good-quality caliper can provide an accurate measurement of up to ± 0.05
mm (+ 0.002 in.). For more accurate measurements [± 0.0003 mm (± 0.0001 in.)],
a micrometer is used. The micrometer is discussed in Sec. 2.2.4.

The caliper has one moving part, called the slide piece, with three extensions.
The extensions of the slide piece are machined so that they can make an inside,
outside, or depth measurement (see Fig. 2.6). To achieve greater precision, all cal-
ipers include vernier calibration markings on their slide piece. The vernier calibra-
tion markings allow measurements one decade greater than the markings on the
caliper. The length of the vernier's 10 units on the side piece are only nine units of
the ruler markings on the body of the caliper (see Fig. 2.7). Fortunately, you do
not need to know the geometry or mathematics of how a vernier system works to
use one.

If the smallest unit shown on the
calipers is mm, then each of these
represents one mm.

1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9 0
\
7
\

This scale represents the

measurements
on the body of the caliper.

This scale represents the
Index on the Slide Piece.

The first line on the
lower scale is called

the index line.

Each one of the lower units is
one-tenth smaller than the width of a
unit on the body of the caliper.

Fig. 2.7 This representation of the marks on a caliper body and slide piece
shows that 10 units on the slide piece are as long as 9 units on the caliper.



82 Measurement

Unit place
measurement

10th place
measurement

I

1 2 3 4 5 6 7 8 9
I I I I I I I I I

Notice the alignment
on the 6th line

I

X

t
I I I I

2 3 4 5

Index line

6^7 8
100th place

measurement

The distance "X" is determined where the "index" line touches the upper scale (4.4)
PLUS the number of the unit on the slide piece that best alligns with a line on the
main scale (the 6th line) which provides the hundredth place measurement (0.06).
Therefore "X" is 4.46 caliper units.

Fig. 2.8 How to read a vernier caliper.

This representation of the marks on a caliper body and slide piece shows that 10
units on the slide piece are as long as 9 units on the body of the caliper. A mea-
surement reading on a caliper is made in two parts: the main unit and the tenth
unit are made on the body of the caliper. The hundredth part is read on the slide
piece. For example, to read the distance "X" in Fig. 2.8, first read the units to the
left of the index line on the body's ruler. (The index line is after the 4.4 unit line.)
Second, continue the reading to the 100th place by noting where the measurement
lines of the slide piece best align with the measurement lines of the body. In this
example, they align on the 6th unit of the slide piece. Therefore the 100th place is
0.06, and the total measurement of X is 4.46 units.

A dial caliper (see Fig. 2.9) is easier to read than a vernier caliper, but this ease
comes at a price. An acceptable vernier caliper can be purchased for $30 - $50,
and it can be found with metric and English measurements on the same tool. A
good-quality dial caliper may cost between $75 and $150, and it shows only met-
ric or English measurements. On the dial caliper, the 10th place is read on the
numbers of the dial itself, and the 100th place is read on the lines between the
numbers.

Fig. 2.9 The dial caliper.
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An electronic caliper (see Fig. 2.10) is more expensive ($100 - $200) than a dial
caliper. However, electronic calipers can do a great deal more with greater preci-
sion [±0.013 mm (±0.0005 in)]. A measurement can be locked in by pressing a
button; so, a measurement will not change even if the sliding part moves. Elec-
tronic calipers can alternate between metric and English measurements, can be
zeroed anywhere so "difference" measurements can be read directly rather than
subtracting or adding, and can be set to flash their numbers on and off when an
object is out of maximum or minimum tolerance. A tape readout of measurements
can be made with extra equipment.

2.2.4 The Micrometer

Another common tool for length measurement is the micrometer. Like the vernier
caliper, in the United States, it is typically made with English measurements.
Whereas the caliper can provide precision measurement (to ±0.002 in.), you need
a micrometer for greater precision (±0.0001 in.).

The micrometer is a very accurately machined machine bolt and nut. If you
rotate a machine bolt into a nut a specific number of times, you'll notice that the
bolt will have traveled a specific distance (see Fig. 2.11)

On the micrometer, the rotating handle is the nut, and the plunger is the machine
bolt. Figure 2.12 demonstrates how to read a micrometer.

A good-quality micrometer is not as expensive as a caliper of equal quality.
However, each design of a micrometer is capable of only one type of measure-
ment and can measure only a limited range of that measurement (typically one
inch). By comparison, the caliper can read inside, outside, and depth measure-
ments. The caliper, as well, can read from zero to (typically) 6 inches. Therefore,
to have an equivalent set of micrometers to do what one caliper can do would
require up to 18 micrometers. Despite this shortcoming, a good machinist would
not consider using a caliper for anything but a rough measurement and would
insist upon using a micrometer for all final measurements.

To make a micrometer measurement, place the item to be measured against the
anvil of the micrometer. Then, rotate the handle or ratchet until contact is made.
All final contact of the spindle against the measured item should be made with the
ratchet. The ratchet provides limited control over the handle. Once it encounters

[\fl

Fig. 2.10 The electronic caliper.



84 Measurement

If the threads are cut at 50 revolutions per
inch, 10 revolutions will move the nut one-fifth
of an inch, and one-half a revolution will move
the nut one-hundredth of an inch.

Fig. 2.11 The micrometer is a highly machined nut and bolt.

resistance, it will spin with a clicking noise but will offer no more pressure against

the handle. This feature guarantees consistent spindle pressure against the anvil

for all readings.

A micrometer can also be used as a go/no-go gauge. The lock can be tightened,

preventing the handle from rotating. Thus, by setting a measurement and by tight-

ening the lock, the measurement is set. Then anything that fits (or does not fit)

between the spindle and anvil is accepted or not accepted depending on your

needs. For accuracy greater than 1/10,000 in., an air gauge is used. These gauges

have accuracy to 1/1,000,000 in., and are used in the most demanding situations.

The air gauge is specialized beyond the scope of this book, and no further expla-

nation is included.

Rotating Handle

On the barrel you can read 1.5
units. The measurement process
is continued on the thimble.

On the thimble, you can read 0.23 units (butvno
more). If the micrometer you are using has a
Vernier, you could read to the 1000th place.

The total measurement is:

Fig. 2.12 How to read a micrometer.

1.5
+0.23

1.73
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2.3 Volume

2.3.1 The Concepts of Volume Measurement

It does not seem that it should be difficult to calculate the volume of any given
container. First you establish a unit of volume, then you base everything on that
unit. Despite the apparent simplicity of such a process, two widely divergent
approaches to calculating a volume unit have developed.

One approach established that a liter was the volume of space occupied by the
mass of one kilogram of distilled water (at 4°C and 30 inches of mercury). The
other approach required a given length measurement to be defined (one decime-
ter), and then it defined the cube of that measurement as the volume measurement
(one liter).

The original idea of the metric system was that either approach would provide
the same unit of metric volume. Unfortunately, it did not work because of the sub-
tle differences in density caused by subtle differences in temperature. Thus, the
kilogram-based milliliter equaled 1.000,027 cubic centimeters. Because of the
discrepancy, the International System for Weights and Measures had to make a
choice between which approach would be accepted to obtain volume measure-
ments, and the nod was eventually given to the cubic length technique. The use of
liters and milliliters in volumetric ware is therefore misleading because the unit of
volume measurement should be cubic meters (cubic centimeters are used as a con-
venience for smaller containers). The International System of Units (SI) and the
ASTM accept the use of liters and milliliters in their reports, provided that the
precision of the material does not warrant cubic centimeters. Because the actual
difference in one cubic centimeter is less than 3 parts in 100,000, for most work it
is safe to assume that 1 cm3 is equal to 1 mL.

2.3.2 Background of Volume Standards

Rigorous standards have been established for volumetric ware. These standards
control not only specific standards of allowable error for volumetric ware, but the
size of the containers, the materials of construction, their bases, shapes, and sizes,
the length and width of index lines, and how those lines are placed on the glass or
plastic. The painstaking work to establish these guidelines was done by agencies
such as the NIST (National Institute of Standards and Technology), the ASTM
(American Society for Testing and Materials), and the ISO (International Stan-
dards Organization)

Occasionally you may see references to Federal Specification numbers. For
example, the Federal Specification number NNN - C 940-C is for graduated cylin-
ders. All Federal Specification numbers are no longer being updated, and these
specifications are being superseded by those established by the ASTM. The pre-
ceding number for graduated cylinders is now under the specifications of ASTM
1272-89. All ASTM documents are identified by a designation number. If there
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Table 2.6 Cross Comparison of Class A Volumetric Ware (25 mLf

Item

Graduated Cylinder

Volumetric Flask

Burette

Class A

+0.17 mL

±0.03 mL

±0.03 mL

Item

Volumetric pipette

Measuring pipette

Serological pipette

Class A

±0.03 mL

±0.05 mL

(only Class B & lower)

" Based on ASTM guidelines.

are updates to any document, the number will be followed by the acceptance year
of the update. For example, the preceding example ASTM document cited shows
that it was accepted by the ASTM for publication in 1989. If there is a conflict in
ASTM guidelines, the document with the later publication date takes precedence.

All manufacturers abide by the standards set by these organizations. Therefore
with the exception of quality and control, one manufacturer's volumetric ware (of
comparable type) should not be more accurate than another manufacturer's. It is
important to keep these guidelines in mind so that ASTM standards are not
allowed to be used as marketing hype.

Manufacturers refer to these standards in their catalogs, both to let you know
what you are buying and to enhance importance that may not otherwise be there.
For instance, only glassware made to specific established tolerances can have the
symbol of "A" or "Class A" on their sides, signifying highest production quality.
For example, for a standard tolerance graduated cylinder, you may see statements
in catalogs like "... conforms to ASTM Type I, Style 1 specs for volumetric
ware." This description translates to mean "the graduated cylinder is made out of
borosilicate glass (Type I) and has a beaded lip with a pour spout (Style 1)." In
reality, this enhanced description is harmless and is much safer than statements
saying "the most accurate graduated cylinder in town."

Do not let the designation Class A mean more than it was meant to. Class A can
only mean that it is the best tolerance readily available for that specific type of
volumetric ware. Class A volumetric ware is not consistent across volumetric
ware type. For example, a Class A volumetric pipette does not have the same
degree of tolerance as a Class A measuring pipette. Equally, a Class A graduated
cylinder does not have the same degree of tolerance as a Class A volumetric flask.
See Table 2.6 for a representative cross comparison of Class A tolerances.

In addition, do not be misled by ASTM designations. The words "Class,"
"Style," and "Type" are constantly used to describe different attributes to different
types of variables in ASTM literature. They seldom refer to the same attribute.
Thus it is important to know what the identifying word is attributed to before
assuming that you know what it is signifying. An example of these differences are
shown in Table 2.7. The ASTM always refers to itself in its own specifications for
equipment when describing one of its own procedures for a given test. That is,
when they are performing a test, they must ensure that their guidelines are used
when their equipment is selected. However, when you see manufacturer state-
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ments in catalogs describing (for example) a graduated cylinder that "... meets
specifications of ASTM E133 for use in tests D86, D216, D285, D447, and D 850
...," all the manufacturer is saying is that if you are performing any of these par-
ticular ASTM tests, this graduated cylinder satisfies ASTM requirements for use.
However, if the graduated cylinder meets ASTM El 33 requirements, by definition
it can be used for tests D86, D216, etc. These descriptive entries not only are con-
fusing if you are unfamiliar with the numbers, but also provide blah-blah for mar-
keting.

2.3.3 Categories, Markings, and Tolerances of Volu-
metric Ware
There are four categories of containers used to measure volume: volumetric
flasks, graduated cylinders, burettes, and pipettes. Of the four, volumetric flasks
are used exclusively to measure how much has been put into them. This use is
known as "to contain." Graduated cylinders and a few pipettes are used to mea-
sure how much has been put into them as well as how much they can dispense.
The latter measurement is known as "to deliver." Burettes and most pipettes are
used solely to deliver.

The term to deliver is based on the concept that when you pour a liquid out of a
glass container, some of that liquid will remain on the walls of that container.
Because not all of the measured liquid is completely transferred, the material left
behind should not be considered part of the delivered sample. Pipettes have two
different types of to deliver. One which requires you to "blow out" the remaining
liquid, and one that does not. Some volumetric containers are made out of plastic
which does not "wet" like glass. Because these containers drain completely, the to
contain is the same as the to deliver. Because some materials (i.e., mercury) do
not "wet" the walls of any container, they should be used with only to contain
measuring devices.

The abbreviations TC and TD are commonly used to denote to contain and to
deliver, respectively, in the United States. Old glassware might be labeled with a
simple "C" or "D." The ISO (International Standards Organization) uses the

Table 2.7 "Style" Has Different Meanings'3

Style 1

Style 2

Style 3

Graduated Cylinder
Here the term "Style" refers to the

physical structure of the opened end.

Beaded lip with pouring spout

Top with ground glass stopper

Beaded lip with pouring spout and
reinforced rim

Pharmaceutical Cylinder
Here the term "Style" refers to the

calibrations.

Metric calibration

English (in.-lb) calibrations

Both English and metric calibrations.

a From ASTM specifications E 1094-86 (Standard Specification for Pharmaceutical Glass Gradu-
ates) and E 1272-89 (Standard Specification for Graduated Cylinders).
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The stated volume of a
flask will approximately

fill to where the neck
attaches to the flask.

Fig. 2.13 The volume of flasks

abbreviations IN for to contain and EX for to deliver. These abbreviations come
from the Latin root found in intra (within) and extra (out of). This classification
has been accepted for use in the United States by the ASTM and is slowly being
introduced by U.S. manufacturers. Because there have been no formal deadlines
set, manufacturers are waiting for their current silkscreen printing setups to wear
out by attrition and then replacing them using the new classification. Although
some volumetric ware may be labeled with both English and metric calibrations,
glassware is seldom labeled with both TD and TC calibrations. If you are ever
using a volumetric container that is double-labeled, be careful that you are reading
the scale relevant to what you are doing.

Other common laboratory containers such as beakers, round bottom flasks, and
Erlenmeyer flasks often have a limited graduated volume designated on their
sides. These markings provide an approximate volume and cannot be used for
quantitative work. The required accuracy of these containers is only 5% of vol-
ume. When there are no calibration lines on a flask, it still is possible to obtain an
approximate volume measurement based on the stated volume: In general, the
stated volume will approximately fill any given nonvolumetric container to the
junction of the neck and container (see Fig. 2.13). Thus, if you need about 500-
mL of water, it is safe to fill a 500-mL flask up to the neck and you will have
approximately the needed volume.

The quality of any given volumetric ware is based on how accurate any given
calibration line will deliver the amount it claims. For example, say that a one-liter
flask is accurate to ±5%, meaning that the flask is likely to contain anywhere from
950 mL to 1050 mL of liquid. For comparison, a one-liter Class B volumetric
flask is accurate to ±0.60 mL, or +0.06% accuracy, and a one-liter Class A is accu-
rate to ±0.30 mL, or ±0.03% accuracy. Needless to say, it costs more for greater
accuracy.

Precision volumetric glassware must be made following the standards set by
ASTM Standards E542 and E694. These standards establish not only the degree
of tolerance, but how the container is to be made, how the lines are engraved, the
width and length of calibration lines, the type of glass used, the design and type of
base (if any), the flow rate of liquids through tips, and many other limitations. In
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reality, if the manufacturers are properly following the ASTM guidelines, there is
little room for any volumetric ware to be poorly made.

ASTM guidelines also establish that volumetric ware is to be calibrated at 20°C.
This (or any) constant is required because gases, liquids, and solids vary in size as
temperature changes. Thus, any individual item is accurate only at one tempera-
ture. If manufacturers did not adhere to one temperature calibration, constant
mathematical adjustments would have to be made as one switched from one brand
of glassware to another.

There are four basic grades of volumetric ware:

1. Special Tolerance, also called Calibration Tolerance and Certified
Ware. This glassware is calibrated not only to Class A tolerances, but
to each mark on the glass. This calibration ensures high accuracy for
every measurement. It needs to be specially ordered and calibrated.

2. Class A. This code is for the highest-class glassware that is production
made. Some manufacturers refer to this grade as precision grade.
High-quality work can be performed using glassware that has this
designation. The tolerance is the same as Special Tolerance, but in
Class A it is based on a container's total capacity, not for each mea-
surement division. Containers of Class A tolerance are always desig-
nated as such in writing on the side.

3. Class B. This classification is average grade glassware and can be used
for general quality work. Some manufacturers refer to this quality as
standard grade or standard purpose. By ASTM designation, Class B
tolerances are twice those of Class A. The tolerance is based on a con-
tainer's total capacity, not for each measurement division. Containers
of Class B tolerance are seldom, if ever, designated as such in writing
on their side.

4. General Purpose. This glassware is not accurate for any level of quality
work. It is often referred to as student grade or economy grade.
Because the calibration is never verified, it is the most inexpensive
volumetric glass available. The tolerance is limited to plus or minus
the smallest subdivision of the container. Containers of general pur-
pose tolerance are never specifically identified as such and therefore
may be confused as Class B volumetric glassware. Such glassware
made by Kimble is identified as "Tekk." Corning does not have a
generic name for its student ware. General purpose glassware is often
made out of soda-lime glass rather than borosilicate glass.

2.3.4 Materials of Volumetric Construction #1 Plastic
There are four types of plastic that are commonly used in volumetric ware:
polypropylene (PP), polymethylpentene (PMP or TPX), polycarbonate (PC), and
polystyrene (PS). Plastic can be less expensive than glass, can be more difficult to
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break, and can be used equally well for to contain and to deliver measurements.
However, it cannot tolerate temperatures over 130° to 170°C (depending on the
type of plastic), can be dissolved in some solvents, and the best quality available is
Class B.

General Character of Each Type of Plastic.
Polypropylene is translucent and cannot be dissolved by most solvents at room

temperature. It can crack or break if dropped from a desk.
Polymethylpentene is as transparent as glass and is almost as resistant to sol-

vents as polypropylene. It can withstand temperatures as high as 150°C on a tem-
porary basis and 175°C on an intermittent basis. It can crack or break if dropped
from a desk.

Polycarbonate is very strong and as transparent as glass. It is subject to reac-
tions from bases and strong acids and can be dissolved in some solvents.

Polystyrene is as transparent as glass. It can be soluble to some solvents and
because it is inexpensive, it is often used for disposable ware. It can crack or break
if dropped from a desk.

Resistance to Chemicals. For a comprehensive list of plastic resistance to
chemical attack, see Appendix B.

Cleaning. Volumetric ware must be cleaned both to prevent contamination of
other materials and to ensure accurate measurements. Because volumetric ware is
often used as a temporary carrier for chemicals, it comes in contact with a variety
of different materials which may be interreactive. Also, any particulate or greasy
material left behind can alter a subsequent measurement.

Never use abrasive or scouring materials on plastic ware. Even though the bris-
tles of a bottle brush are not likely to scratch plastic, the metal wire that they are
wrapped on can! Scratches can alter volumetric quality, are more difficult to
clean, increase the surface area open to attack by chemicals (that would otherwise
be safe for short exposures), and can prevent complete draining from a to deliver
container.

The following are some general cleaning guidelines for plastics:

1. Generally, mild detergents are safe with all plastic ware.

2. Do not use strong alkaline agents with polycarbonate.

3. Never leave plastic ware in oxidizing agents for an extended time
because they will age the plasticizers and weaken the plastic. Chro-
mic acid solutions are okay to use, but never soak longer than four
hours.

4. Polystyrene should not go through laboratory dishwashers because of
the high temperatures.

5. Polypropylene and polymethylpentene can be boiled in dilute sodium
bicarbonate (NaHCO3), but not polycarbonate or polystyrene.

6. Sodium hypochlorite solutions can be used at room temperature.
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7. Organic solvents can be used cautiously only with polypropylene. How-
ever, test each solvent before use for possible negative effects on the
outside of the volumetric ware, away from a calibrated area.

Autoclaving. Polypropylene can be autoclaved, and polycarbonate can be auto-
claved for a limited time (<20 minutes) but can be weakened from repeated auto-
claving. The quality of volumetric measurements is likely to be eroded with
repeated autoclaving. Polystyrene should never be autoclaved.

2.3.5 Materials of Volumetric Construction #2 Glass
Although glass is more likely to chip, crack, or break than plastic ware, it is safe
to use with almost all chemicals. Type I glass can safely be put into a drying oven,
and Type I and II glass can be autoclaved (glass types are explained below). No
volumetric ware should ever be placed over a direct flame. Occasionally, tips and/
or ends of burettes or pipettes are tempered to provide additional strength. The
tempering process typically used is heating followed by rapid cooling.

General Characteristics of Each Glass Type. Volumetric ware made of glass
provides different properties depending on the type of glass used. The ASTM
refers to the different glasses used in volumetric ware as Types. The use of the
terms "Class A" and "Class B" in reference to types of glass have no relationship
to volumetric quality.

1. Type I, Class A glass is usually Pyrex, Kimex, or Schott glass. It can be
used for all classifications of volumetric ware. This glass is chemi-
cally inert, is repairable (in nonvolumetric regions away from calibra-
tion), can safely be placed in a drying oven, and can be fused onto
other similar borosilicate laboratory glassware.

2. Type / , Class B glass is an aluminosilicate glass. It can be used for all
classifications of volumetric ware. The trade names used are Corn-
ing's "Corex" glass or Kimble's "Kimex-51." They are more chemi-
cally resistant than standard borosilicate. However, they have larger
coefficients of expansion and therefore cannot directly be fused onto
other lab glass items made out of Pyrex or Kimex. An intermediary
glass with a coefficient of expansion of about 40 x 10"6 - 42 x 10"6 is
required for fusing Type I, Class B glass to Type I, Class A glass.

3. Type II glass is often identified as soda-lime, flint, or soft glass. Soda-
lime glass is not as chemically resistant as Type I glass, but short
duration containment is acceptable (it is generally a good idea to not
leave chemicals in soda-lime volumetric ware, particularly an alka-
line chemical).

Type II volumetric ware cannot be repaired if cracked or chipped, nor can it be
fused onto other laboratory ware. On the other hand, it is inexpensive and there-
fore commonly used for disposable ware and lower standard calibration ware.
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Table 2.8 Effect of Heat Treatment on Volumetric Glassware0

Apparatus

Pipette

Pipette

Standard flask

Standard flask

Standard flask

Nominal
Volume

(mL)

10

10

100

100

25

Nature of Heat
Treatment

24 h @ 320°C

Cycled to 320°C*

Cycled to 320°C*

168 h @ 320°C

168 h @ 320°C

Initial Volume
(mL)

9.970 ± 0.009

9.954 ± 0.030

99.95 ± 0.01

99.81 ±0.02

24.909 ± 0.010

Finalc Volume
(mL)

9.977 ± 0.004

9.954 ± 0.020

99.94 ± 0.01

99.82 + 0.02

24.917 + 0.010

0 From the Journal of Chemical Education, 64, p.1054 (1987), with permission.

b Consists of eight heat-cool cycles from RT to 320°C with 15 min at 320°C.

c Mean and standard deviation of eight determinations at 26°C.

One type of Type II glass, Exax (from Kimble), has anti-static properties, which
make it particularly suitable for powders.

Resistance to Chemicals. Exposure to all alkalines should be kept to a mini-
mum (minutes). Exposure to hydrofluoric and perchloric acid should be limited to
seconds. Volumetric ware used once for these materials should be downgraded
(glassware that was Class A should now be considered Class B) or not used at all.
If measurements of these acids or alkalines are required, use plastic ware because
it is resistant to these chemicals.

Cleaning. All standard cleaning techniques used on glass are safe on volumetric
ware. However, base baths and HF should never be used because they are glass-
stripping agents and because during the cleaning process they remove glass. This
stripping would alter any calibrations, making the volumetric ware useless.

Contrary to common belief, it is safe to place borosilicate volumetric ware in a
drying oven. While there has not been a study indicating the effects of heating on
Type I, Class B or Type II glass, there was a study on Type I, Class A volumetric
ware. The study was done by Burfield and Hefter,6 and the results (which are
shown in Table 2.8) clearly indicate that any variations from the original volume
are within tolerances even for Class A glassware.

The results of Table 2.8 notwithstanding, there still is the question of how to dry
and/or store other types of volumetric glassware as well as plastic ware. First,
plastic ware does not need oven drying because plastic does not absorb water.
Second, Type II glassware measurements will not be significantly affected by
remaining distilled water (from the final rinse), so again there is no reason to dry
this glassware. There is also no reason to dry to contain glassware between
repeated measurements of the same solution. However, all other volumetric glass-
ware should be dried prior to use.

Because of contamination concerns, it is not recommended that you place volu-
metric ware on a standard drying rack because the pegs may introduce foreign
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Fig. 2.14 Storage or drying of volumetric ware.

materials into the container. It is also not safe to balance any volumetric ware on
its end to drain or dry as it might be tipped over. Williams and Graves7 came up
with an ingenious approach to drying and/or storage similar to how wine glasses
are often stored. Although they limited their explanation to volumetric flasks, the
idea can be expanded to any volumetric container with a bulge or protuberance at
one end. Such volumetric ware items would include the base of a graduated cylin-
der or the stopcocks of a burette (see Fig. 2.14). This technique obviously will not
work with pipettes.

2.3.6 Reading Volumetric Ware

The parallax problems of linear measurement are compounded with volumetric
ware because there are two distinct lines to read. One line is where the liquid
makes contact with the walls of the volumetric container, and the other is in the
center of the volumetric tube (see Fig. 2.15).

The distortion of the liquid is caused by the surface tension of that liquid and the
walls of the container. This distorted line is called the meniscus. When liquid wets
the walls of a container, you read the bottom of the meniscus. When liquid does
not wet a containers walls (such as mercury or any liquid in a plastic container),

<J

Viewing the meniscus.

Fig. 2.15 Observe the center of the meniscus at eye level.
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Fig. 2.16 By using the lines above and below the one you are sighting on, you
can avoid parallax.

you read the top of the meniscus. Incidentally, if the glassware is dirty, a smooth
meniscus cannot form and proper sighting is impossible; therefore, clean volu-
metric glassware is essential.

It may take a bit of practice to properly see the correct part of the meniscus line
for accurate measurement. Fortunately, there are tricks and devices to facilitate the
reading. For instance, if the graduation lines on the volumetric ware mostly encir-
cle the tube, it is easy to line up your vision so that you can avoid parallax prob-
lems (see Fig. 2.16).

If the meniscus is difficult to see, you can make it stand out by placing a piece of
black paper behind the glass tube, below the liquid line. The liquid picks up the
dark color and, like a light pipe, the end of the liquid column will have a dark line.
Alternatively, the paper can be folded around the tube and can be held by a paper
clip (like a French cuff). This "paper cuff' can be raised or lowered easily, and it
frees both hands. Black paper is inexpensive and easy to use, but if the paper gets
wet it will need to be replaced. This problem is not major, but if it occurs mid-
experiment, it can be an inconvenience.

Another technique that does not require paper uses a black ring cut from flexible
tubing. These rings can be purchased to fit a variety of tube sizes, but if you have
a hose of the right size available, they are easy to make by cutting out a disk from
black tubing or by slicing a disk from a black rubber stopper (and a hole) and then
cutting a wedge out of either disk (see Fig. 2.17). By sliding this ring up or down
so that it is below the top of the liquid column, the meniscus can be easily seen.

2.3.7 General Practices of Volumetric Ware Use

After using volumetric ware, wash if necessary and always rinse thoroughly, first
with water and then with distilled water. Although it is not necessary to dry to
deliver volumetric ware between measurements (if the same chemical is being

Fig. 2.17 A piece of black flexible tube that facilitates seeing the meniscus.
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measured), it is necessary to dry the insides of to contain containers before use.
Reagent grade acetone or methyl alcohol may be used to facilitate drying.

If using volumetric ware for gravimetric calibration, unintended weight (i.e.,
dirt or fingerprint oils) may alter the results of any weighing. Therefore, be very
careful where you place volumetric ware on a bench and how you hold it. You
may choose to use cotton gloves to prevent fingerprint marks or handle all glass-
ware with tweezers or tongs.

Excess solution on the walls (inside or out) of volumetric ware adds weight to
measurement, but are not considered part of the volume. Therefore, be careful not
to splash your solution into the container. Such splashing can cause drops to settle
on the side walls. To prevent splashing, place the tip of a burette or pipette against
the walls of the receiving container so the liquid slides down the walls. This pro-
cedure should always be done above the calibration line. Wait a few minutes for
any residual fluid along the walls to settle before making any final volume deter-
mination. Because fluids may cling to the walls of the container, it may take a few
moments for everything to drain to its lowest level (for an exaggeration, think of
honey). During the settling period, cap the container to limit the amount of fluid
that would otherwise evaporate.

Do not leave alkaline materials in glass volumetric ware. Aside from the dam-
age they may do to the volumetric ware, dissolved glass can affect the pH of your
solution. In addition, a glass plug or stopcock may freeze (stick) in place if left in
contact with an alkaline solution. This freezing prevents the stopcock or plug from
being turned or removed. A long-standing alkaline solution can roughen a surface
of the glass barrel even in a Teflon stopcock. The rough surface can later scratch
the surface of the Teflon plug when it is rotated.

2.3.8 Calibrations, Calibration, and Accuracy

The volumetric marks on volumetric ware are called calibrations. How they were
located on the volumetric ware is called calibration. All volumetric ware is cali-
brated to provide its stated volume at 20°C. The International Standards Organiza-
tion has recommended that the standard volumetric temperature should be
changed to 27°C. However, so far there has not been any significant movement
toward this goal. The ASTM recommends that those labs in temperate climates
that are unable to maintain an environment at 20°C should maintain one at 27°C.

There are many labs that not only are unable to maintain a 20 °C temperature,
but cannot maintain any temperature consistently. Temperature variations can cre-
ate problems if you are attempting to do accurate work. The more accurate the
work, the greater the need to maintain room temperature at 20°C. Alternatively,
include the temperature of the liquid at the time of measurement in your experi-
ment log. Then, at a later time, apply corrections to all measurements made to
conform to ASTM 20°C measurements. However, do not waste your time doing
unnecessary work. The correction for any given measurement may be irrelevant if
either (1) its result is smaller than the tolerances of your equipment (2) it involves
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Table 2.9 Precision Data"

Vessel

Transfer pipette

Flasks

Burettes

Nominal Size

(cm3)

1

2

5

10

15

25

50

100

10

25

50

100

200

250

500

1000

10

25

50

100

Reproducibility

(cm3)*

0.002

0.002

0.002

0.003

0.005

0.005

0.007

0.010

0.005

0.005

0.007

0.011

0.014

0.017

0.021

0.042

0.003

0.005

0.007

0.012
a From the ASTM document E 542, Table 4, reprinted with permission.

*The term "reproducibility" refers to the maximum difference expected
between two independent determinations of volume.

more significant figures than can be supported by other aspects of your work,* or
(3) you do not require that level of accuracy.

Another concern for accuracy is based on how accurately the user can read cali-
brations on the volumetric ware. The reproducibility of an individual user will be
more consistent than the reading made by a variety of users. Therefore, if there
will be a variety of users on any given apparatus, all who are likely to use it should
make a series of measurements. This way, the individual errors can be calculated.
The ASTM has analyzed the range of errors made by trained personnel, and the
reproducibility of these results are shown in Table 2.9.

*For example, suppose you are calculating your car's "miles per gallon." It is a waste of time to mea-
sure the gas to hundredths of a gallon if your odometer can only read tenths of a mile.
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2.3.9 Correcting Volumetric Readings
Volumetric readings can be made two ways. The easiest and most common is sim-
ply reading the volume directly from a piece of volumetric ware. Alternatively,
you can weigh a sample and, if you know the molecular weight of the material,
you can calculate the volume. Each approach can be affected by barometric pres-
sure, humidity, and temperature. The calculations and tables needed to obtain true
volume from observed volume or calculated weight are not difficult to use but
should only be used when necessary—that is, when accuracy or precision demand
their use.

There are two different approaches for properly correcting volumetric readings
caused by environmental variations because there are two approaches to making
volumetric readings: those done by reading volume directly from volumetric
ware, and those made indirectly by weight.

The simplest corrections are made when reading directly from volumetric ware.
As the volumetric container (and the liquid contained) expands and contracts by
temperature variations from 20°C, volumetric corrections are required. These cor-
rections can be found on Table 2.10.

For example, say you had a 100-mL borosilicate volumetric pipette whose liq-
uid was measured at 24°C. Table 2.10 shows "-0.09" for these conditions, which

Table 2.10 Temperature Corrections for Water in Borosilicate Glass

M
ea

su
re

m
en

t
T

em
pe

ra
tu

re

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Capacity of apparatus in mL at 20°C

2000 1000 500 400 300 250 200 150 100 50 25 10 5

Correction in mL to give volume of water at 20°C

1.69

1.39

1.08

0.74

0.38

0.00

-0.40

-0.83

-1.27

-1.73

-2.22

-2.72

-3.24

-3.79

-4.34

-4.92

0.85

0.70

0.54

0.37

0.19

0.00

-0.20

-0.42

-0.64

-0.87

-1.11

-1.36

-1.62

-1.90

-2.17

-2.46

0.42

0.35

0.27

0.19

0.10

0.00

-0.10

-0.21

-0.32

-0.43

-0.56

-0.68

-0.81

-0.95

-1.09

-1.23

0.34

0.28

0.22

0.15

0.08

0.00

-0.08

-0.17

-0.25

-0.35

-0.44

-0.54

-0.65

-0.76

-0.87

-0.98

0.25

0.21

0.16

0.11

0.06

0.00

-0.06

-0.12

-0.19

-0.26

-0.33

-0.41

-0.49

-0.57

-0.65

-0.74

0.21

0.17

0.14

0.09

0.05

0.00

-0.05

-0.10

-0.16

-0.22

-0.28

-0.34

-0.41

-0.47

-0.54

-0.62

0.17

0.14

0.11

0.07

0.04

0.00

-0.04

-0.08

-0.13

-0.17

-0.22

-0.27

-0.32

-0.38

-0.43

-0.49

0.13

0.10

0.08

0.06

0.03

0.00

-0.03

-0.06

-0.10

-0.13

-0.17

-0.20

-0.24

-0.28

-0.33

-0.37

0.08

0.07

0.05

0.04

0.02

0.00

-0.02

-0.04

-0.06

-0.09

-0.11

-0.14

-0.16

-0.19

-0.22

-0.25

0.04

0.03

0.03

0.02

0.01

0.00

-0.01

-0.02

-0.03

-0.04

-0.06

-0.07

-0.08

-0.09

-0.11

-0.12

0.02

0.02

0.01

0.01

0.00

0.00

-0.01

-0.01

-0.02

-0.02

-0.03

-0.03

-0.04

-0.05

-0.05

-0.06

0.01

0.01

0.01

0.00

0.00

0.00

0.00

0.00

-0.01

-0.01

-0.01

-0.01

-0.02

-0.02

-0.02

-0.02

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

-0.01

-0.01

-0.01

-0.01

-0.01

-0.01
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Table 2.11 % Volume Corrections for Various Solutions"

Solution

HNO 3

H2SO4

NaOH

KOH

N

50

45

40

40

Normality

N/2

25

25

25

20

N/10

6

5

5

4

" From the ASTM document E 542, Table 6, reprinted with permission.

means that you must subtract 0.09 mL from the stated volume to compensate for
water and glass expansion. Thus you actually delivered only 99.91 mL of liquid.

You may occasionally see a soda-lime glass equivalent for Table 2.10, but I
have not included it in this book. Although soda-lime glass volumetric ware was
common many years ago, it is not used for any accurate volumetric purposes

Table 2.12 Corrections for Water Weight Determinations for
Borosilicate Glass Using a One Pan Balance

(Nominal capacity 100 mL)

Temp.
in°C

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Tenths of Degrees

0
0.200

0.214

0.229

0.246

0.263

0.282

0.302

0.322

0.344

0.367

0.391

0.415

0.441

0.468

0.495

0.524

0.553

0.583

1

0.201

0.215

0.231

0.247

0.265

0.284

0.304

0.324

0.346

0.369

0.393

0.418

0.444

0.470

0.498

0.526

0.556

2
0.202

0.217

0.232

0.249

0,267

0.286

0.306

0.327

0.349

0.372

0.396

0.420

0.446

0.473

0.501

0.529

0.559

3
0.204

0.218

0.234

0.251

0.269

0.288

0.308

0.329

0.351

0.374

0.398

0.423

0.449

0.476

0.504

0.532

0.562

4
0.205

0.220

0.236

0.253

0.271

0.290

0.310

0.331

0.353

0.376

0.400

0.426

0.452

0.479

0.506

0.535

0.565

5
0.207

0.222

0.237

0.254

0.272

0.292

0.312

0.333

0.355

0.379

0.403

0.428

0.454

0.481

0.509

0.538

0.568

6

0.208

0.223

0.239

0.256

0.274

0.294

0.314

0.335

0.358

0.381

0.405

0.431

0.457

0.484

0.512

0.541

0.571

7
0.210

0.225

0.241

0.258

0.276

0.296

0.316

0.338

0.360

0.383

0.408

0.433

0.460

0.487

0.515

0.544

0.574

8
0.211

0.226

0.242

0.260

0.278

0.298

0.318

0.340

0.362

0.386

0.410

0.436

0.462

0.490

0.518

0.547

0.577

9
0.212

0.228

0.244

0.261

0.280

0.300

0.320

0.342

0.365

0.388

0.413

0.438

0.465

0.492

0.521

0.550

0.580
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today. It is unnecessary to provide highly accurate corrections for nonaccurate
glassware.

The corrections shown in Table 2.10 are only valid for distilled water. Different
liquids will have different coefficients of expansions and therefore will require
different corrections. Table 2.11 provides a few representative solutions at differ-
ent normalities and a factor to correct Table 2.10 for volumetric discrepancies.

Corrections required when weighing volumetric flasks are somewhat different
than straight volumetric readings. Both single- and double-pan balances have four
common parameters which can affect the accurate weighing of liquids, but the
single-pan balance has one separate parameter of its own. The common parame-
ters are water density, glass expansion, and the buoyancy effect.

Water density varies because as materials get hot, they expand and take up more
space. Despite their taking up more space, they still have the same mass and are
thus less dense. One liter of hot water would therefore weigh less than one liter of
cold water.

Glass expands as it gets hot. The effects of expansion of solid materials are well
demonstrated with the ring-and-ball demonstration. In this demonstration, a ring
is unable to get past a ball on the end of a rod. If the ring is heated just a small
amount, it expands sufficiently to easily slide past the ball. In a similar fashion, a
warm glass container holds more liquid than a cool glass container.

The differences in the buoyancy effect (based on Archimedes' principle) of
materials in air at different barometric pressures is not as great as the buoyancy
differences in water versus air, but it still exists and can affect accurate weighings.

The actual effect of these parameters on any measurement can be calculated by
volumetric measurements. Then, their relative significance can be properly con-
sidered. The ASTM calculated the values shown in Table 2.13.

As Table 2.13 shows, for most laboratory work, the parameter that is likely to
have the greatest effect on measurements when using a two-pan balance is water
temperature. Any weight measurements made when the liquid temperature is not
20°C can be corrected by using Table 2.12. This table is used when the volumetric
flask is Type I, Class A (borosilicate glass). It may also be used for Type I, Class B

Table 2.13 Relative Significance of Environmental
Parameters on Volume Measurements^

Parameter

Relative humidity

Air temperature

Air pressure

Water temperature

Parametric
Tolerance

+10%

±2.5°C

±6 mm

±0.5°C

Volumetric
Tolerance

1 in 106

1 in 105

1 in 105

1 in 104

" From the ASTM document E 542, Sec. 14.2.1, reprinted with permission
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(aluminosilicate glass) by adding 0.0006 degree for every degree below 20°C.
Likewise, subtract 0.0006 degree for every degree above 20°C.

A sample calculation (using Table 2.12) for Type I, Class A glass is as follows:
Nominal capacity of vessel = 25.0 mL
Temperature of weighing = 22.5°C
Weight on pan before

filling receiver = 24.964 g
Weight on pan after

filling receiver = 0.044 g
Apparent weight of

water at 22.5°C = 24.920 g
Correction for 25 mL at 22.5°C

(0.25 times* value in Table 2-13) = 0.083
Volume of vessel at 20°C = 25.003 mL

As can be seen from this example, the correction is 10 times smaller than the
tolerances capable from the flask itself (0.03 mL). Thus, to make the time spent on
any such correction worthwhile, you need to see that any changes caused by tem-
perature are at least equal to, or greater than, inaccuracies of the container. Other-
wise, do not bother with any correction.

It is interesting to note that for both Table 2.12 and Table 2.14, there are correc-
tions for 20°C and 760 mm of atmospheric pressure. Because the glassware is cal-
ibrated for this temperature and pressure, one may wonder why a correction is
necessary. The reason goes back to Archimedes' principle which cannot be
accounted for when the glass is calibrated. The only way to avoid use of these
tables at STP is to do all weighing in a vacuum to avoid the effects of air's weight.

Corrections for single-pan balances include the preceding parameters, plus a
fourth one: the apparent mass of the built-in weights. The apparent mass of
weights can vary somewhat from their true mass because the weights in a single-
pan balance were calibrated at a specific temperature and barometric pressure.
However, in a lab of different temperature and barometric pressure, you are
weighing against their apparent mass.1^ Thus, when making accurate weighings
with a single-pan balance, you must keep track of the temperature and barometric
pressure of the room in which you are working.

Calibration correction tables for single-pan balances are provided in Table 2.14,
which is used in the same manner as the previous example. Like Table 2.12, this
table is used when a volumetric flask is Type I, Class A (borosilicate glass). It may

The figures in the tables are based on 100-mL sample sizes. The sample calculation is made with a
25-mL flask, therefore the calculations need to be multiplied by 0.25.
fOld single-pan balances used brass weights with a specified density (at 20°C) of 8.3909 g/cm3.
Now, stainless steel weights are used with a specified density of 8.0 g/cm3. Fortunately, the differ-
ences of this change are too small for most purposes to be concerned about requiring any further cal-
ibration between the two.
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Table 2.14 Corrections for Water Weight Determinations
for Borosilicate Glass Using a One Pan Balance

(Nominal capacity 100 mL)

Temp.
in°C

18.5

19.0

19.5

20.0

20.5

21.0

21.5

22.0

22.5

23.0

23.5

24.0

24.5

25.0

25.5

26.0

26.5

27.0

27.5

28.0

Barometric Pressure (mm of Hg)

620

0.2390

0.2480

0.2573

0.2669

0.2768

0.2869

0.2973

0.3079

0.3188

0.3299

0.3413

0.3530

0.3649

0.3770

0.3894

0.4020

0.4149

0.4280

0.4413

0.4549

640

0.2418

0.2508

0.2601

0.2697

0.2795

0.2897

0.3000

0.3107

0.3216

0.3327

0.3441

0.3557

0.3676

0.3797

0.3921

0.4047

0.4176

0.4307

0.4440

0.4576

660

0.2446

0.2536

0.2629

0.2725

0.2823

0.2924

0.3028

0.3134

0.3243

0.3354

0.3468

0.3585

0.3704

0.3825

0.3949

0.4075

0.4203

0.4334

0.4467

0.4603

680

0.2473

0.2564

0.2657

0.2753

0.2851

0.2952

0.3056

0.3162

0.3271

0.3382

0.3496

0.3612

0.3731

0.3852

0.3976

0.4102

0.4231

0.4361

0.4495

0.4630

700

0.2501

0.2592

0.2685

0.2780

0.2879

0.2990

0.3083

0.3190

0.3298

0.3410

0.3523

0.3640

0.3758

0.3880

0.4003

0.4129

0.4258

0.4389

0.4522

0.4657

720

0.2529

0.2620

0.2713

0.2808

0.2906

0.3007

0.3111

0.3217

0.3326

0.3437

0.3551

0.3667

0.3786

0.3907

0.4031

0.4157

0.4285

0.4416

0.4549

0.4685

740

0.2557

0.2647

0.2740

0.2836

0.2934

0.3035

0.3139

0.3245

0.3353

0.3465

0.3578

0.3695

0.3813

0.3934

0.4058

0.4184

0.4312

0.4443

0.4576

0.4712

760

0.2585

0.2675

0.2768

0.2864

0.2962

0.3063

0.3166

0.3272

0.3381

0.3492

0.3606

0.3722

0.3841

0.3962

0.4085

0.4211

0.4340

0.4470

0.4603

0.4739

780

0.2613

0.2703

0.2796

0.2892

0.2990

0.3091

0.3194

0.3300

0.3409

0.3520

0.3633

0.3750

0.3868

0.3989

0.4113

0.4239

0.4367

0.4498

0.4631

0.4766

800

0.2641

0.2731

0.2824

0.2919

0.3017

0.3118

0.3222

0.3328

0.3436

0.3547

0.3661

0.3777

0.3896

0.4017

0.4140

0.4266

0.4394

0.4525

0.4658

0.4793

also be used for Type I, Class B (aluminosilicate glass) by adding 0.0006 for every
degree below 20°C. Likewise, subtract 0.0006 for every degree above 20°C.

2.3.10 Volumetric Flasks

Volumetric flasks are used to measure very precise volumes of liquids for mak-
ing standard solutions or weighing for density calibrations. Each flask has one
measurement line* for the specific volume of the flask (see Fig. 2.18). Volumetric
flasks are of either Class A or Class B quality; the tolerances for Class B are twice
those for Class A. There are no general purpose volumetric flasks. The tolerances

'There are specialized volumetric flasks with calibration lines up the neck.
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for the standard sizes of volumetric flasks are listed in Table 2.15. Volume calibra-
tions were made at 20°C.

All volumetric flasks can be capped, thus preventing material in the flask from
evaporating as well as maintaining the material's purity. There are three ways to
close the top of a volumetric flask. Each type of cap can only be used with the
proper corresponding volumetric flask. For example, a volumetric flask designed
for a screw cap cannot use a snap-on cap or standard taper stopper. Each following
type of cap is available for Class A and Class B flasks:

1. Plastic caps that snap on

2. Plastic caps that screw on

3. Standard taper stoppers made out of plastic or glass

The advantage of snap-on caps is that they are inexpensively replaced. They can
also provide a small amount of protection against leakage if a flask is knocked
over or is being agitated to mix the contents. The major disadvantage of a snap-on
cap is that you need both hands to remove the cap. Screw-on plastic caps provide
the best protection against spillage, but are more expensive. They also require
both hands for removal.

Standard taper stoppers will prevent spillage only so long as the stopper is
firmly in place, but they can be removed with only one hand. Plastic standard
taper stoppers do not require grease, but may be chemically attacked by materials
within the flask. Glass plugs placed over alkaline solutions without grease are
likely to be frozen in place. On the other hand, the contents of the flask may dis-
solve any grease used.

The proper procedure for filling a volumetric flask is as follows:

1. Carefully place the liquid to be measured into the flask using a pipette,
burette, or any other device that can supply a steady stream against a
wall, about a centimeter above the calibration line. Be careful not to
splash. The tip may touch the wall.

Volumetric
mark

Fig. 2.18 The volumetric flask.
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2. When the level is just below the calibration line, cap the container and
let it sit for a few minutes to let the liquid drain from the walls of the
container.

3. Complete the filling process using Steps 1 and 2 again. If you overshoot
the calibration line, a pasture pipette can be used to draw out excess
fluid. The surface tension in the tip of the pipette should be sufficient
to draw out the fluid. Once completed, cap the container.

The proper procedure for using a volumetric flask for gravimetric purposes is as
follows:

1. Clean and dry (if necessary).

2. Weigh the flask, its cap, and any other materials that may be included in
the final weighing.

3. If very accurate measurements are required, note the liquid's tempera-
ture and the room's barometric pressure and humidity.

4. Carefully place the liquid to be measured into the flask using a pipette,
burette, or any other device that can supply a steady stream against a
wall, about a centimeter above the calibration line. Be careful not to
splash. The tip may touch the wall.

5. When the level is just below the calibration line, cap the container and
let it sit for a few minutes to let the liquid drain from the walls of the
container.

6. Complete the filling process using Steps 4 and 5 again. If you overshoot
the calibration line, a pasture pipette can be used to draw out excess

Table 2.15 Capacity Tolerances of Volumetric Flasks"

Capacity
mL

5

10

25

50

100

Toleranc

Class A

0.02

0.02

0.03

0.05

0.08

es (+mL)

Class B

0.04

0.04

0.06

0.10

0.16

Capacity
mL

200

250

500

1000

2000

Toleranc

Class A

0.10

0.12

0.20

0.30

0.50

es (±mL)

Class B

0.20

0.24

0.40

0.60

1.00

" From ASTM document E 288, Table 1. Omitted were columns entitled "Inside Diameter
of Neck at Capacity Line (mm)," all information on the "Position of Capacity Line," and
"Stopper Size," reprinted with permission
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fluid. The surface tension in the tip of the pipette should be sufficient
to draw out the fluid. Once completed, cap the container.

7. Weigh the filled flask.

8. If Step 3 was performed, repeat it to verify the readings.

9. Subtract the weighed flask by the empty flask weight.

10. If Steps 3 and 8 were performed, use the appropriate table and make any
necessary corrections.

The procedure for using a volumetric flask for making a solution of a definite
strength is:

1. Clean and dry (if necessary).

2. Carefully place the precalculated concentrated liquid into the flask using
a pipette, burette, or any other device that can supply a steady stream
against a wall about a centimeter above the calibration line. Be care-
ful not to splash. The tip may touch the wall.

3. Follow this by adding to the flask distilled water up to the calibration
line using a pipette, burette, or any other device that can supply a
steady stream against a wall about a centimeter above the calibration
line trying to rinse any of the concentrated liquid remaining on the
flask's neck. Be careful not to splash. The tip may touch the wall.
When the level is just below the calibration line, cap the container and
stop for a few minutes to let the liquid drain from the walls of the con-
tainer.

4. Complete the filling process using Step 3 again. Try not to overshoot

because any excess liquid will dilute the intended concentration.

For emptying a volumetric flask, the following procedure should be followed:

1. Slowly incline the flask to provide a steady stream of liquid from the
spout. Be careful not to splash.

2. Continue inclining the flask until it is vertical and hold for about half a
minute.

3. Touch the drop at the tip of the neck to the wall of the receiving con-
tainer.

4. Remove the flask horizontally from the wall of the receiving container
with no vertical motion.

2.3.11 Graduated Cylinders
Graduated cylinders are generally not used for high-quality volumetric work.
Although they are available in Class A, Class B, and Student Grade, the accept-
able tolerance of graduated cylinders is considerably greater than volumetric
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flasks (compare Table 2.15 to Table 0.1). Following standard practice, Class B tol-
erances are twice those of Class A. For specific capacities, graduations, and toler-
ances, see Table 0.1. Earlier federal specifications required more accurate
tolerances on to contain than to deliver containers, but this case no longer applies
and now both have the same tolerances.

There are three styles of graduated cylinders: Style 1 has a beaded lip and a pour
spout, Style 2 has a ground standard taper joint on the top,* and Style 3 is just like
Style 1 but has a heavy glass reinforcing bead just below the top for strength.
Graduated cylinders of Style 1 are manufactured in both to contain and to deliver
designs. Graduated cylinders of Styles 2 and 3 are manufactured in to contain
designs only. Often, graduated cylinders come with plastic or foam rubber cylin-
der guards to protect their tops if they are accidentally tipped. Use of these guards
is highly encouraged.

Because liquids cannot wet plastic walls, plastic cylinders can provide constant
volume for both to deliver and to contain. However, they are only accurate to
Class B tolerances and susceptible to chemical attack from organic solvents.
Regardless of the quality, or construction design, graduated cylinders have no cal-
ibration lines at the section closest to the base because when the body is fused
onto the base, the overall shape of the tube is distorted and accurate calibration on
a production basis is not possible. This feature is equally applicable to graduated
cylinders that use a plastic press-on foot.

Pharmaceutical graduated cylinders, which can be identified by their non-verti-
cal walls,* have poor accuracy. Their accuracy varies at any given inside wall
diameter, even on the same flask. For instance, at regions where the inside diame-
ter is between 21 and 25 mm, the accuracy is +0.4mL. However, at regions where
the inside diameter is between 46 and 50 mm, the accuracy is ±1.8 mL.

To fill a to contain cylinder (Style 1, 2, or 3), the following procedure should be
followed:

1. Clean and dry (if necessary).

2. Carefully place the liquid to be measured into the flask using a pipette,
burette, or any other device that can supply a steady stream against a
wall about a centimeter above the calibration line, being careful not to
splash. The tip may touch the wall.

3. When the level is just below the calibration line, stop for a few minutes
to let the liquid drain from the walls of the container.

4. Finish the fill using Steps 2 and 3 again. If you overshoot the calibration
line, a pasture pipette can be used to draw out excess fluid. The sur-
face tension in the tip of the pipette should be sufficient to draw out
the fluid. If you are using a Style 2 cylinder, be sure not to get the

*To receive standard taper stoppers.
trThose smaller than 15 mL have vertical walls.
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Table 0.1 Dimensions and Tolerances of Graduated Cylinders"

C
ap

ac
it

y
(m

L
)

5

10

10

25

25

50c

100

250

500

1000

2000

4000

M
ai

n
G

ra
du

at
io

ns
'7

1.0

1.0

1.0

2.0

5.0

5.0 or
10.0

10.0

20.0

50.0

100.0

200.0

500.0

G
ra

du
at

io
ns

In
te

rm
ed

ia
te

0.5

0.5

1.0

1.0

5.0

5.0

10.0

25.0

50.0

100.0

250.0

L
ea

sf
*

G
ra

du
at

io
ns

0.1

0.1

0.2

0.2

0.5

1.0

1.0

2.0

5.0

St
an

da
rd

T
ap

er
St

op
pe

r
N

um
be

r*
7

9

9

13

13

13

16

16 or 22

22 or 27

27 or 32

10.0 ' 32

20.0

50.0

38

-

Tolerances to
Contain or

to deliver (±mL)

C
la

ss
 A

0.05

0.10

0.10

0.17

0.17

0.25

0.50

1.00

2.00

3.00

6.00

14.50
C

la
ss

 B

0.10

0.20

0.20

0.34

0.34

0.50

1.00

2.00

4.00

6.00

12.00

29.00

" From the ASTM document E 1272, Table 1. Omitted were columns
titled "Distance From Scale to Top, mm (Min and Max)," "Minimum
Wall Thickness (mm)," and "Maximum Inner Diameter (mm)."
Reprinted with permission.
b Main graduations may be each 5 or 10 mL. If main graduations are 5
mL each 5 mL, intermediate graduations do not apply.
c Lines below the first numbered line may be omitted.

''Applies to Style 2 only.

ground joint wet with fluid. If the cylinder is a Style 2, cap the con-
tainer to prevent evaporation or contamination.

For filling a to deliver cylinder (Style 1 only), the following procedure should
be followed:

1. Clean (if necessary) for the first filling. If there is a water film, you may

wish to rinse the cylinder with the liquid about to be measured to sta-
bilize the molarity. Subsequent fillings do not require the rinse nor
will they need a dry container.

2. Carefully place the liquid to be measured into the flask using a pipette,
burette, or any other device that can supply a steady stream against a
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wall about a centimeter above the calibration line, being careful not to
splash. The tip may touch the wall.

3. When the level is just below the calibration line, stop for a few minutes
to let the liquid drain from the walls of the container.

4. Finish the fill using Steps 2 and 3 again. If you overshoot the calibration
line, a pasture pipette can be used to draw out excess fluid. The sur-
face tension in the tip of the pipette should be sufficient to draw out
the fluid.

For emptying a to deliver cylinder (Style 1 only), the following procedure
should be followed:

1. Slowly incline the cylinder to provide a steady stream of liquid from the
spout. Be careful not to splash.

2. Continue inclining the cylinder until it is vertical and hold for about half
a minute.

3. Touch the drop at the tip of the spout to the wall of the receiving con-
tainer.

4. Remove the cylinder horizontally from the wall of the receiving con-
tainer with no vertical motion.

2.3.12 Pipettes
There are three types of volumetric pipettes: volumetric transfer, measuring, and
serological. The differences are based on whether the volume within the pipette is
subdivided and if the volume in the tip is included in the calibration (see
Fig. 2.19).

The serological pipette is used to dispense varying volumes of liquid similar to
the burette. Like a burette, the serological pipette is calibrated volume does not
include the tip region. Volumetric pipettes are designed to dispense one volume of
liquid, whereas the measuring pipette is calibrated to dispense varying volumes.
Both of these pipettes are designed to include the tip region in their entire dis-
pensed volumes.

There are two different methods for completely draining a volumetric transfer
or measuring pipette, and each method requires a different pipette design. One
method is to leave the tip against the side of the receiving vessel and let the mate-
rial drain into the vessel. This method leaves a small amount of solution remain-
ing at the tip. The difference between this remaining portion and what has been
transferred has been accounted for in the pipette's calibration. The other method
of pipette draining requires the user to blow out the remaining liquid in the
pipette; after all the liquid has drained out naturally, an extra burst of air is applied
to the end of the pipette to expel any remaining fluid out of the tip. All blow-out
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Serological
pipette

Measuring

pipette

Volumetric
transfer
pipette

Fig. 2.19 The three types of pipettes.

pipettes are identified by either (a) an opaque band one-quarter of an inch wide or
(b) two bands one-quarter inch apart at the end of the pipette.

There are pros and cons to both types of pipettes. The decision to use one or the
other depends on the reliability, and repeatability, of your laboratory technique as
well as the nature of the liquid you are pipetting. All non-blow-out pipettes are
calibrated with water. Thus if your liquid has different surface tension or viscosity
characteristics than water, your measurements will not be accurate. On the other
hand, not everyone will exert an equal amount of blow-out force. Thus different
people may deliver different volumes using the same equipment.

Pipettes often have color-coding bands on their ends to help identify them.
Although the colors are designated by the ASTM, they do not necessarily specify
a specific volume. Their volumes do not necessarily correspond to any other
pipette design. In fact, a given color may identify two volumes for any given type
of pipette: however, pipettes with the same color band are always distinctively dif-
ferent in volume.

Traditionally, pipettes were filled by sucking fluid into the tube with the mouth.
This procedure, however, carries the risk of getting chemicals in the mouth. To
protect the user, some pipette ends are designed to receive a cotton plug (see
Fig. 2.20).

The cotton plug allows gases past, but inhibits the flow of liquids. Thus, if a user
sucked too hard, the liquid would clog the cotton plug and prevent the liquid from

J l Note
constriction

Regular Cotton Plug

end end

Fig. 2.20 Regular and cotton plug ends for pipettes.
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reaching the user's mouth. Although people still suck liquids into pipettes, the use
of pipette fillers, or even rubber bulbs, are strongly recommended.

Volumetric Transfer. These pipettes are used to deliver a (single) specified vol-
ume. They are characterized by a bulb mid-span on the tube (see Fig. 2.19). The
bulb is used to achieve greater capacity in the pipette and maintain the general
length throughout the different volumes.

Volumetric pipettes are used solely to deliver in both drain and blow-out mod-
els. They are calibrated in both Class A and Class B tolerances based on guide-
lines established in the ASTM Designation E 969 - 83. Tolerances are provided in
Table 2.16.

The color-coding band(s) on the end of the volumetric pipette are used for quick
identification purposes only. The repetition of the colors is sufficiently separated
by the size of the pipette to not confuse (for instance) the 10-mL and 50-mL sizes.

To fill a volumetric measuring pipette, draw the solution to just above the volu-
metric level, then let the solution fall to the calibration mark. Remove the pipette

Table 2.16 Requirements for Volumetric Transfer Pipettes*

N
om

in
al

C
ap

ac
ity

(m
L

)

0.5

1

2

3

4

5

10

15

20

25

50

100

Class A

C
ap

ac
it

y
T

ol
er

an
ce

(m
L

)

+0.006

±0.006

±0.006

+0.01

±0.01

+0.01

±0.02

±0.03

±0.03

±0.03

±0.05

±0.08

M
in

im
um

O
ut

flo
w

 T
im

e
(s

ec
/

5

10

10

10

10

10

15

25

25

25

25

30

Class B

C
ap

ac
it

y
T

ol
er

an
ce

(m
L

)

+0.012

±0.012

±0.012

+0.02

±0.02

±0.02

±0.04

+0.06

+0.06

+0.06

+0.10

+0.16

M
in

im
um

O
ut

flo
w

 T
im

e
(s

ec
)*

3

3

3

5

5

8

8

10

10

15

15

20

C
ol

or
-C

od
ed

B
an

d

Black (2)

Blue

Orange

Black

Red (2)

White

Red

Green

Yellow

Blue

Red

Yellow

" From the ASTM document E 969, Table 1. Omitted were columns titled
"Length of Delivery Tube, mm (Min and Max)," "Inside Diameter at Capacity
Mark, mm (Min and Max)," and "Maximum Distance Between Bulb and Gradu-
ation Mark, mm." Reprinted with permission

* Maximum outflow time for A and B shall be 60 seconds.
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Table 2.17 Requirements for Measuring Pipettes"
C

ap
ac

ity

0.1

0.1B

0.2

0.2*

0.5*

1.0

1.0

2.0

2.0*

5.0

10.0

25.0c

50.0c

Capacity
Accuracy

(±tolerance, mL)

<
%
2
U

-

-

-

-

-

0.01

0.01

0.01

-

0.02

0.03

0.05

-

0.005

0.005

0.008

0.008

0.01

0.02

0.02

0.02

0.02

0.04

0.06

0.10

0.16

Graduations mL

§

111
0.01

0.001

0.01

0.001

0.01

0.10

0.01

0.10

0.01

0.10

0.10

0.10

0.20

.5 s S« s J5
S*S |

5 l
0.01

0.1

0.02

0.02

0.10

0.10

0.10

0.20

0.20

1.0

1.0

1.0

2.0

Outflow time (sec)

Class A

a

-

-

-

-

-

20

20

20

-

30

30

40

-

S

-
-
-
-
-
60

60

60

-

60

60

70

-

Class B

B
§

0.5

0.5

0.5

0.5

2

3

3

3

3

8

8

15

20

i
s
10

10

8

8

6

22

22

22

22

20

30

35

40

C
ol

or
 o

f
co

di
ng

 b
an

ds

White

2-Green

Black

2-Blue

2-Yellow

Red

Yellow

Green

2-White

Blue

Orange

White

Black

" From the ASTM document E 1293, Table 1. Omitted was the column titled "Outside
Diameter of Grad. Portion min., mm." Reprinted with permission.

* Style 2 only.
c Style 1 only.

from where you drew the fluid, and wipe the tip of the pipette with a laboratory
tissue to remove any solution on the outside of the tip so it is not included with the
dispensed liquid from the inside of the pipette. When draining a volumetric
pipette, let the tip touch the side of the receiving container and let the fluid flow.
After emptying the pipette, count to two (to allow for any remaining fluid to flow
to the bottom), and remove the tip sideways away from the receiving wall. Do not
remove the tip with an upward or downward motion.

If the end of the pipette indicates the pipette is of blow-out design, gently (but
firmly) provide (by lips or by the pipette filler) extra air pressure to "blow out" the
last drop of liquid. Do not maintain a long continuous blow, especially if you are
using the mouth to blow out the excess because you may contaminate your solu-
tion.

Measuring and Serological Pipettes. These pipettes have graduations along
their sides. The difference is that the graduations on measuring pipettes stop
before reaching the taper of the tip while the stated volumes of serological
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pipettes include the contents of the tip (see Fig. 2.19). Measuring pipettes should
never be drained or blown out when delivering solution because the extra volume
in the tip is not part of the pipette's calculated volume. Some serological pipettes
are blow-outs, and others are not. You need to examine the end for the one-quar-
ter-inch opaque mark

Measuring pipettes come in both Class A and Class B and are available in two
styles: Style 1 is a standard taper tip, and Style 2 is a long taper tip (Class B only).
Serological pipettes are only made to Class B tolerances and have no special
styles. Volumes, tolerances, and other data of measuring pipettes are provided in
Table 2.17. Information for serological pipettes is provided in Table 2.18. All cali-
brations were made at 20°C.

Class A pipettes have slower outflow times than Class B pipettes. This slowness
provides the user with more reaction time to control liquid flow and thereby

Table 2.18 Requirements for Serological Pipettes"
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Table 2.19 Tolerances of Disposable (Serological) Pipettes* b

Capacity (cm3)

0.1
0.2
0.5
1.0
2.0
5.0

10.0

25.0

Glass

+7%

+6%

±3%
±3%
±3%
+3%

+3%
—

Plastic

—
—

+3%
+3%
+3%
+3%

+3%

+3%
a From ASTM Tables E 714 (Standard Specification for Disposable
Glass Serological Pipettes), Table 2 (omitted was the column titled
"Coefficient of Variation"), and E 934 (Standard Specification for
Serological Pipette, Disposable Plastic), Table 2 [omitted was the
column titled "Coefficient of Variation (Equal to or less than
1.5%)"]. Reprinted with permission.
b Applies to the stated capacity, not individual calibrations.

achieve better accuracy. It also allows the fluid draining from the walls to keep up
with the fluid being dispensed from the tip. Otherwise you may dispense what you
thought was 5 mL of liquid from a pipette, but after the liquid in the pipette set-
tled, you discover only 4.9 mL of solution had been dispensed.

To fill a measuring or serological pipette, draw the solution to just above the
volumetric level, then let the solution fall to the calibration mark. Remove the
pipette from where you drew the fluid, and wipe the tip with a laboratory tissue to
remove any excess solution from the outside of the pipette so that it is not
included with the calibrated liquid.

When dispensing fluid from a measuring pipette, let the tip touch the side of the
receiving container and let the fluid flow. If you are dispensing the liquid by hand,
you need to control the flow rate by placing your thumb on the end of the pipette.
However, never let your thumb wander away from the end of the pipette because
you will need it to stop the fluid flow. If you completely drain the pipette, count to
two (to allow for any remaining fluid to flow to the bottom), and remove the tip
sideways away from the receiving wall. Do not remove the tip with an upward or
downward motion.

There are three different styles of serological pipettes. Style I has a standard end
piece. Style II has an end that can receive a cotton plug (see Fig. 2.20). Style III
has the same type of end as Style II, but also has a larger tip opening to speed the
emptying process.

Pipettes are also made as disposable serological pipettes. They are just as easy
to use as regular pipettes and are typically made out of plastics or soda-lime glass.
They have very low-quality standards, and their calibrations are not required to
have the same permanency as regular pipettes. Thus, if you try to wash them, the
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calibrations may wash off with the dirt. The tolerances of disposable pipettes are
shown in Table 2.19.

The biggest problem with disposable pipettes (or any disposable labware) is that
they are wasteful and not environmentally sound. The concept of a disposable lab
is not practical in the long run for either the individual or the earth.

An alternate approach to measurement is to use a syringe rather than a pipette.
Although tolerances of syringes are not very good, syringes are particularly useful
when adding materials to labware through a stopcock (see Fig. 2.21), and they are
essential when delivering material past a septum.

Syringes are made of plastic or glass. Like other plastic ware, you must be on-
guard that solvents do not dissolve the item. Glass, on the other hand, is more
likely to break, have the piston stick, or have the fluid leak past the piston plunger.
The latter problem can be a greater danger than just a nuisance if the material is
toxic and/or is likely to dissolve any protective gloves you should be wearing.

2.3.13 Burettes

Burettes are a specialized form of measuring pipette. To control the rate and
amount of material flow from the tip, a pinch clamp, stopcock, or valve is attached
to the bottom of a burette, thus providing control on the liquid outflow and allow-
ing accurate dispensing. Burettes are made with Class A, Class B, and Student
Grade tolerances and are calibrated at 20°C. Class A are marked as such, and
other grades are not required to identify their volumetric tolerances. As opposed
to pipettes, burettes are made out of standard tolerances laboratory borosilicate
glass. This means that they can easily be added to other apparatus by a glass-
blower. The tolerances and general characteristics of burettes are listed in
Table 2.20.

Like pipettes, Class A burettes have slower outflows than Class B burettes. They
allow the user to better control the dispensing fluid. The slower speed also allows

Fig. 2.21 If the plug is opened, a syringe may be inserted into the stopcock to
dispense liquid.
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Table 2.20 Requirements for Burettes"
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the liquid in the burette ample time to flow from the walls at the rate of the dis-
pensing liquid. Thus the user does not need to wait before making a reading.

A burette should be mounted securely in a vertical position with a burette clamp
or several three-fingered clamps. A single three-fingered clamp is likely to wobble
and swing off vertically. If the accuracy of your work is critical, a plumb is recom-
mended to achieve a true vertical orientation.

A burette can be filled from a side tube or three-way stopcock on the bottom. If
there is no bottom-filling capability, the liquid can be poured into the top of the
burette with a funnel. If any liquid spills on the outside of a burette, wipe the
burette dry with a laboratory tissue.

Unless a burette is automatic and one wishes to fill to the 0.00 mL mark, overfill
the burette about 10 mm past the zero line. Let the liquid settle a minute, then
release some of the liquid into a beaker or some other receptacle by slightly open-
ing the stopcock. Let the fluid lower to the zero line. Wait another minute to allow
the fluid to settle to the new level, and re-check the level of the meniscus at the
zero line. Release or add more liquid as necessary.

To make a burette reading, first read and record the liquid volume in the burette,
dispense the required amount, and reread the liquid volume in the burette. Then
subtract the first reading from the second reading to calculate the amount of fluid
delivered. Self-zeroing burettes do not require a first and second reading, because
all readings start from 0.00 mL.
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2.3.14 Types of Burettes

There are four types of burette designs. Not every type of burette design is made
in all tolerances, and some burettes have limited use.

Some burettes have a tube for easier filling attached between the calibration
lines and above the tip. Flexible tubing is attached to the tube used for filling the
burette. There are two methods to stop liquid flow. One technique uses a pinch
clamp on the flexible tubing, and the other has a stopcock on the side tube. The
pinch clamp can lead to inherent errors as the pressure from the weight of the liq-
uid in the burette causes a small expansion of the flexible tube. As the burette is
emptied, this pressure decreases, and the amount of error decreases as well. If
your work requires limited accuracy, these changes are well within tolerance.
Alternatively, a stopcock can be used instead of a pinch clamp. There are no
hydrostatic complications with the stopcock.

The least accurate burettes are Mohr burettes (see Fig. 2.22). Mohr burettes do
not have stopcocks at their tips and therefore require flexible tubes with pinch
clamps to control dispensing liquid.

The standard lab burette is the Geissler, which can be identified by the stopcock
at the bottom. It can be refilled by pouring liquid in at the top or by a filling tube
from the side. Some Geissler burettes provide three-way stopcocks for easier fill-

Mohr Mohr burette
burette with filling

side tube

Geissler
burette

Geissler
burette

with three-way
stopcock

Automatic
burette

with three-way
stopcock

Fig. 2.22 Different types of burettes.

"The three-way stopcock receives its name because it has three arms leading to the barrel. A two-
way stopcock has two arms leading to the barrel.
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ing (see Fig. 2.22). If the stopcock is turned one way, the burette fills, if it is
turned 180°, the burette empties.

A third type of burette is the automatic, or self-zeroing, burette. It can repeat-
edly be filled quickly and easily to exactly 0.00 mL, meaning that to make a mea-
surement, no arithmetic is required to determine the amount dispersed. This
method of dispersing liquid is not only a valuable time-saver, it can help avoid
errors due to poor arithmetic. The self-zeroing burette is filled by intentionally
overfilling the top which is enclosed and has a drainage for collecting the overflow
(see Fig. 2.22). The top portion of a self-zeroing burette is not calibrated, so if you
dispense less liquid than is contained in this region, there is no way to determine
the amount removed.

The last type of common burette is the dispensing burette. It is easy to recognize
by its size. It can carry up to one liter of liquid and is capable of fast, effective liq-
uid dispensing. Its accuracy is about ±0.5% of total volume.

2.3.15 Care and Use of Burettes

Burettes are very seldom tip- or end-heat strengthened as are pipettes, and they
are therefore more prone to chipping or cracking. Burettes with removable tips
and/or stopcocks can be useful for salvaging burettes that otherwise would be
thrown away. Because the burette's calibration is exclusively on the column,
removable tips and stopcocks have no effect on the buret's tolerance quality, nor
should they imply the level of quality.

In addition to tip care, the care of stopcocks on a burette is equally important.
They should not jam, leak, or provide inconsistent release of fluids.

Glass stopcocks on burettes are prone to more wear than stopcocks on other lab-
oratory apparatus due to the conditions under which burettes are used. Therefore,
it is important to periodically remove the glass plug of a burette's stopcock, clean
the plug and the barrel, and regrease it. The removal of the old grease is critical
because it may carry particulate matter that can scratch a stopcock plug.

It is common for an old burette (that was working well) to leak if the original
plug is lost or broken and is replaced with a new plug. This leakage is because the
old plug and barrel wore together and evenly. The new plug is not worn with
depressions that match the depressions on the old plug. Regrettably, the best
recourse may be to replace the entire stopcock or to discard the entire burette.
Regrinding can be done by a trained person, but ultimately, you once again will
have a matched plug and barrel.

It is not always possible to successfully take the plug out of one glass stopcock
and place it in the barrel of another burette made by the same company. However,
it is just about impossible to do such a switch if the brands are different. Although
either plug will fit in the barrel, it is unlikely that the holes will line up and fluid
will be unable to pass by the plug. Anytime you place a plug into the stopcock
barrel of a burette, sight down the burette tube and see if you can see the hole of
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the plug (see Fig. 3.17). If the hole is offset, or not in sight, try a different plug
until a good match is found.

If you suspect that a stopcock is leaking, remove all grease (if present) from the
stopcock, and replace the plug (which should be wet with water) ungreased into
the barrel in the closed position. Push the plug in firmly, but do not rotate the plug
(if the plug is glass, rotation without grease may jam the plug in the barrel). Next,
fill the burette with water and see the rate of water loss over a period of about a
half-hour. If the water drops more than 3 mm in length, the stopcock can be con-
sidered poor. If there is no significant loss, pull the stopcock out, rotate 180°,
replace, and retest. Any loss of water less than 3 mm will easily be assisted by the
application of grease. However, any attempts to repair a leaky stopcock by extra
grease will be doomed to failure. Adding excess grease to repair imperfections in
a stopcock is like adding extra lacquer to fill up the rough surface of unsanded
wood: It just does not work. Regardless, the excess grease is likely to fill the plug
hole, resolving the leaking problem in an unacceptable manner.

How often you need to clean and regrease a stopcock depends on the quality
and type of grease you are using, how often the burette is being used, and the
nature of the fluids within the burette. It is safe to say that an inexpensive grease
will require cleaning and replacement more often than a grease of higher quality.

Do not use silicon-based stopcock grease on burettes unless the nature of your
chemicals absolutely requires it. The reason is that silicon-based greases require
constant cleaning and replacement to maintain their slippery nature. Also, the
most effective way to clean silicon grease is with a base bath. However, the base
bath is considered one of the two worst cleaning methods for use on volumetric
ware. Silicon grease may be inexpensive in the short run, but it can prove to have
many hidden costs. If the chemicals in your work require you to use silicon
grease, it would be better to use a Teflon stopcock or rotary valve as a substitute.
They are a much better choice because they do not require any grease and require
very little maintenance.

The plugs from Teflon stopcocks and rotary valves must be protected from
scratches. So, when a stopcock is disassembled for cleaning, lay the plug down
where it is not likely to be scratched or pick up paniculate matter. Wipe the plug
with some methanol (or acetone) on a Kimwipe before reinserting it into the stop-
cock or valve barrel. Be sure to follow the correct sequence of end pieces when
reassembling the stopcock: The sequence is (white) washer, (black) O-ring lock
washer, and (colored) plastic nut (see Fig. 3.21). If the washer and lock washer are
reversed on a Teflon stopcock, the plug will tighten as you rotate it clockwise
(CW), and loosen (and probably leak) as you rotate it counterclockwise (CCW).

When storing burettes with stopcocks, leave the locking nut on a Teflon stop-
cock loose. Then, if the stopcock gets warm, the swelling Teflon plug is less likely
to swell and stick, or split the walls of the barrel.

Do not store solutions in a burette, and never store alkaline solutions in a
burette. Alkaline solutions will react with the glass and cause a glass stopcock to
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freeze. Also, an alkaline solution will react with the glass, creating a rough surface
which can scratch a Teflon plug.

The procedure for cleaning burettes is similar to general glass cleaning already
discussed. Because burettes are only used to deliver, it is never necessary to dry a
burette before use. However, a wet burette can change the concentration of the
solution being placed within it. To avoid changing concentrations, shake the
burette dry and pour a small amount of the solution you will be working with into
the burette. Swirl and/or rotate it around the burette, and pour it out. If you have a
very low molarity solution, you may want to repeat this process again. The pre-
rinse (with the solution to be used) will reduce, and should eliminate, any change
in concentration caused by standing water in the burette.

When first filling a burette, any air bubbles in the tip region (below the stop-
cock) should be removed. If a bubble remained where it originally was, there
would be no problem. However, if a bubble comes out while making a measure-
ment, it takes the place of fluid that was recorded, but never left the burette. The
standard practice for removing bubbles is to overfill the burette, and open the
stopcock fully to try and force the bubble out. This technique often works, but it
can also be wasteful of material.

An alternate method of tip bubble removal was reported by Austin.8 First, pour
about 1 mL of fluid into the burette, open the stopcock to let the fluid into the tip
region and close the stopcock. Now observe the tip and see if a bubble is trapped
within the liquid of the tip. If there is no bubble, fill the burette to the top and pro-
ceed with your work. If there is a bubble, turn the burette so the stopcock is on top
and quickly rotate the stopcock plug 180°. This procedure will lower the liquid in
the tip of the burette, but if done quickly enough, it should not empty the tip. It
should, however, remove the bubble from the tip region. The advantage of this
approach is that it uses less solution.

2.4 Weight and Mass

2.4.1 Tools for Weighing
We weigh things by comparing the unknown weight (or force) of an object with a
known weight (or force). The device used to weigh things is called a balance. The
word comes from the Latin bi-lancis, or two dishes. The word balance is still used
despite the fact that two-dish (or two-pan) balances are seldom (if ever) used now-
adays. In lieu of a second pan, the counter (opposing) force now may be springs,
built-in calibrated weights, or a magnetic device called a servomotor.

There are four classes of balances, each based on their ability to split hairs as it
were, or, more specifically, based on the number of intervals used within the scale
capacity. For example, if a laboratory balance has a capacity of 200.00 grams and
it reads to two decimals, it would have 20,000 scale intervals. The formal identifi-
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cation of four classes was devised by the International Organization of Legal
Metrology (OIML), and they are shown in Table 2.21.

Balances can be calibrated or verified for accuracy with special weights, called
calibrated weights, whose specific mass is known. Calibrated weights* vary in
quality and tolerance. They are classified by type, grade, and tolerance. ̂  All cali-
brated weights are compared directly or indirectly to the international prototype
one-kilogram mass to verify their accuracy.

2.4.2 Weight Versus Mass Versus Density

It is fair to say that an object weighing a ton is heavy and that few, if any, people
could move or lift it. However, on the moon the same object would weigh only a
bit over 300 lb—although the average person would still be unable to move the
object. If we were on the space shuttle in a free-fall environment, anyone could
move the object around with relative ease. When we weigh an object, we are mea-
suring its inertia to Earth's gravitational pull. That measurement is its weight, not
its mass. The weight of an object, not its mass, will change depending upon its
inertia.

Unlike weight, which varies relative to its inertia (such as gravity), mass is an
inherent and constant characteristic of any object. In any given gravitational envi-
ronment, an object with a lot of material (mass) will weigh more than an object of
the same type, but less material. Because of this quality, we can make calculations
of, and about, an object's mass from its gravitational weighing.

Density is not directly related to mass or weight, but is calculated from an
object's weight divided by its volume (g/m3). For example, a large object of little
mass (such as foam rubber) is considered to have little density. On the other hand,
a small object of tremendous mass (such as a neutron star) has tremendous den-
sity. Density refers to the amount of space ("volume") a given amount of mass

Table 2.21 Classifications of Weighing Equipment9, 10

Class

I

II

III

nil

Class Name

Special accuracy (fine)

High accuracy (precision)

Medium accuracy (commercial)

Ordinary accuracy (course)

Scale Intervals

50,000 < na

5,000 < n < 100,000

500 < n < 10,000

100<n< 1,000

' n = number of intervals.

'Calibrated weights are verified to weigh what they say they do within a given tolerance. The smaller
the tolerance of a calibrated weight, the better the quality and the more expensive it will be.
trThese parameters are discussed further in the section on calibrated weights (see Sec. 2.4.13).



120 Measurement

occupies. Mass refers to the amount of material in an object, not to the amount of
space it occupies.

In everyday parlance, we imply an object's mass when we speak of its weight.
However, because we weigh an object based on its attraction to Earth, we are, in
effect, measuring its force. In a nutshell, we measure an object's force to obtain its
weight, from which we can calculate its mass. The validity of this approach holds
despite the fact that the force of gravity varies over the earth's surface by over 5%
in addition to changes in elevation.

2.4.3 Air Buoyancy

The fact that weights occupy space creates an interesting problem. The space
occupied by a weight is normally occupied by air, and because air has weight, it
provides a buoyancy effect (known as Archimedes' principle) against the real
weight of the object. This effect influences the measured weight of an object.

The problem is more easily explained by examining what happens when you
place something in water (because water weighs more than air and provides a
greater buoyancy effect, its effects are more dramatic). If you put a cube of metal
in water, it sinks to the bottom of the container. That cube weighs less in the water
than it did in air, by an amount equal to the weight of the water it displaced. On
the other hand, if you put a similar-sized block of wood in the water, it would float
because the amount of water that the wood displaces weighs more than the wood,

Table 2.22 Variation in Weight with Atmospheric Density0

Object

Oven dried eastern white pine

Live oak wood

Aluminum

Calibration weight in Mettler AT
balance

Stainless steel as used in mass
standards

Brass

Gold

Platinum-indium (kilogram
prototype)

Density
(g/cm3)

0.373

0.977

2.7

7.97

8.0

8.4

19.3

21.5

Weight (kg)
in Denver, CO

(dA = 0.00098 g/cm3)

1.000564

1.000198

1.000054

1.000000

1.000000

0.999999

0.999984

0.999983

Weight (kg)
in Vacuum
(True Mass)

1.003077

1.001080

1.000295

1.000001

1.000000

0.999993

0.999912

0.999906

" From Tables 1 and 2 from "Honest Weight—Limits of Accuracy and Practicality" by W.E.
Kupper from the Proceedings of the Measurement Science Conference 1990. With permission.

* 1 kg of the following materials, as weighed in sea level atmosphere of density da = 0.0012

g/cm3 against steel weights of density d = 8.0 g/cm3.
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preventing the wood from sinking. The same phenomena occurs in air, which is
why helium balloons rise and wood balloons fall.

Even if an object's density and size change, its mass does not. Thus, it is possi-
ble for two objects to have the same mass but weigh different amounts due to the
effects of air buoyancy caused by the weight of air. This principle can be demon-
strated by taking a calibrated weight whose density is 8.0 g/cm3 and weight (in
air) is 100.000 g, then using it to weigh an equal weight of pure water whose den-
sity is 1.0 g/cm3. Because their densities are different, they will occupy different
volumes of air: Their volumes are 12.5 cm3 and 100 cm3, respectively. If you were
to weigh each object in a vacuum to eliminate the air buoyancy factor,* the cali-
brated weight would now weigh 100.015 g and the pure water would now weigh
100.120 g.

Factors that affect buoyancy are the density of a sample, ambient air pressure,
and relative humidity. Thus, a barometer and humidity indicator should be located
within any balance room where highly accurate readings are required. The coun-
terbalance weights within single-pan balances are also affected by air buoyancy,
but in equal amounts to the sample, so they should cancel each other out. The
exact amount of the buoyancy effect varies depending on the density of the mate-
rial being weighed and the density of the air at the time of weighing. This phe-
nomenon was studied in detail by Schoonover and Jones,11 and by Kupper.12

The formula for converting a weighing result to true mass is given in Eq. (2.1):

'"if
m = M — = Mk (2.1)

1 - ^ L
dD

where m = mass of the sample

M = weighing result, i.e., the counterbalancing steel mass

da = air density at time of weighing1^

D = density of mass standard, normally 8.0 g/cm3

d = density of sample

k = ratio of mass to weighing result for the sample

To calculate the density of the air, use the formula in Eq. (2.2):

where T = Temperature in °K (Centigrade plus 273.15)

B = Barometer reading in millimeters of mercury

'instead of making the weighings in a vacuum, you can also make use of Eq. (2.1) and Eq. (2.2).
+For the density of moist air, see the Handbook of Chemistry and Physics, The Chemical Rubber
Company, published annually.
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There are only two occasions where measured weight equals true mass, when
it = 1. This occasion occurs when measurements are made in a vacuum or the den-
sity of a sample is equal to the density of the mass standard. Fortunately, the great-
est differences only occur when an object's density is particularly low (0.1% for
density =1.0 g/cm3 and about 0.3% for density « 0.4 g/cm3). In most situations,
the effect of air buoyancy is significantly smaller than the tolerance of the analyti-
cal balance. The effects of varying densities (of objects being weighed) and vary-
ing air densities are shown in Table 2.22.

One approach to avoiding the problem of air buoyancy is to weigh an object in a
vacuum (known as "weight in vacuo"). Such readings provide an object's true
mass as opposed to its apparent mass. There are a variety of vacuum balances
made precisely for this purpose. However, vacuum balances are expensive,
require expensive peripheral equipment (such as vacuum systems), and are neither
fast nor efficient to use.

2.4.4 Accuracy, Precision, and Other Balance Limita-
tions
The amount of accuracy required in a balance, like most things in the lab, depends
the balancing of your needs versus the capacities of your pocketbook. You do not
need great accuracy if all you are doing is weighing letters. On the other hand,
weighing volumetric flasks to calibrate volume requires tremendous accuracy. Not
only is the cost greater for a more accurate balance, but the support equipment and
personnel for the maintenance of such equipment are also greater. When analyz-
ing the different attributes and characteristics that help to define the quality and
capabilities of balances, many different terms are used. The following terms (and
concepts) are used to describe various features of all balances:

The greater the accuracy of a balance, the closer the balance will read the nomi-
nal weight* of a calibration weight. If the calibration weight reads 10 mg, the bal-
ance should read 10 mg. If, for example, the balance reads 10.5 mg, it has less
than desirable accuracy, and if it reads 12 mg, it has poor accuracy.

The precision of a balance is related to how well it can repeatedly indicate the
same weight over a series of identical weighings under similar environmental con-
ditions. Precision is not a measure of how accurately a scale can make a single
weight reading. The index of precision is the standard deviation for a collection of
readings. If the index of precision is greater than the readability of the balance,
accuracy is significantly jeopardized.

Readability refers to the smallest measurement that a balance can indicate and
that can be read by an operator when the balance is being used as intended. Gener-
ally, triple-beam balances have a readability of ±0.1 g, centigram balances have a
readability of ±0.01 g, and analytical balances have a readability of ±0.0001 g.

"The nominal weight of a calibrated mass is the calibration that is printed on, or stamped into, its
surface.
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Neglect or abuse can damage a balance resulting in no deflection for the original
smallest units. The result is a change in the readability for the damaged balance to
a new, and larger, value.

Linearity is the ability of a balance to accurately read the entire range of weights
that it was designed to weigh. A balance which accurately weighs 10 mg, but
poorly weighs 100 mg, but again accurately weighs 200 mg on up to its full-scale
calibration, is said to have poor linearity.

Off-center errors are problems specifically associated with top-loading bal-
ances. Placing a balance pan above the fulcrum places different torques and fric-
tion on balance pieces that do not exist when a balance pan hangs. The problem is
exhibited if an object has different weight readings when moved to various loca-
tions across the surface of a top-loading balance pan.

Accuracy is the ability of a balance to precisely and repeatedly read a weight.
The ability for a balance to read a particular weight is based not only on the above
attributes and characteristics, but also on three other factors:

1. The quality of the machine

2. The quality of the weighing process conditions [typically dependent
upon the balance's location (see Sec. 2.4.5)]

3. The skill of the person operating the balance

Each of these factors is dependent on the other two, and the failure of any one of
them can affect the accuracy of a weighing. For example, do not expect great
accuracy from a balance that is located above a radiator. Likewise, do not expect
accuracy from a balance which has just demonstrated poor precision. Finding the
source of errors in weighing is a step-by-step process. You must rule out each
problem before moving on to the next level.

2.4.5 Balance Location
By their nature, balances are fragile pieces of equipment. The more sensitive a
balance is, the more susceptible it is to environmental influences. The following
should be considered before placing permanently in any location:

1. Balances should be away from sources of vibration. Rooms used for bal-
ance work should be away from elevators and ventilation motors.
They should be located near support walls (as opposed to walls that
just separate rooms), which can help dampen vibration. To observe
the amount of vibration your balance is receiving, lay small dishes of
water at several locations on the supporting table you plan to use and
float microscope cover slips on the surface of the water in each dish.
Shine a light on each cover slip in turn, such that the light is reflected
onto an adjacent wall. Make observations over several times during
the day. Have someone walk around the room, close or open the door,
and perform other activities that may cause vibrations. The more sta-
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ble the light's reflection, the better the table (and location) will be for
weighing purposes.

2. Balances should be away from winds and drafts. Many buildings have
sealed windows, but vents can generate drafts as well. Although fume
hoods generally do not create a significant draft, opening and closing
doors can.

3. Balances should be placed away from sources of varying temperature,
including direct sunlight, windows, heaters, vents, drying ovens,
refrigerators, doors, and rooms on the south side of buildings.

4. Balances should be kept away from rapid changes in humidity such as
those that occur when steam heaters are used. Not only will steam
heaters affect temperature, the change in humidity can affect the
workings of the balance.

5. Balances should be kept away from stored chemicals, especially those
with low vapor pressures. Because most of the internal workings of
modern balances are not in plain sight, you will not be aware of any
corrosion until the balance begins to malfunction. At that point, it
may be too late to remedy the situation.

6. Hanging balance pans should be removed before balances are moved
from one location to another to take the strain off the beam balance
points as well as to prevent a swinging pan from damaging the bal-
ance.

7. Balances should be recalibrated after they have been moved.

8. Balance rooms should be maintained free of dust. Dust can affect both
mechanical and electronic balances.

9. Balances should be placed on nonmagnetic, nonferrous surfaces.
Cement, stone, and wood are all acceptable.

If, after reading these rules, you conclude that the best place for a balance is in a
special room by itself, you are right. Such a room ideally should be windowless,
with one separate, shielded entry and filtered, baffled vents. The room should be
small, with support beam walls and very heavy benchtops, and should be main-
tained consistently at 20°C.

In lieu of a perfect room, the specific problems your room presents should be
known to protect the validity of your weighing as much as possible. For example,
if you are having problems limiting your vibration sources, make your weighings
at odd hours when elevators are not in use or when people are unlikely to enter the
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room. For drafts, baffle vents, place screens around the balance, or use other simi-
lar stop-gap measures.

2.4.6 Balance Reading
Consider the following scenario: Many people each make one reading on the
same balance, using the same weight for each reading. All readings are within
one-hundredth of a gram except that of one user, whose reading was one-tenth of
a gram off. It is safe to assume that the user does not know how to use, or read,
that particular balance or how to make an accurate weighing on any balance.
Either way, this user needs some help in balance use.

To best examine a person's ability to use a balance, have him or her make multi-
ple weighings (e.g., 10 times) using the same balance and weight. If he or she
consistently makes the same type of error, the readings will have very little varia-
tion. If he or she makes a variety of random errors, the readings will vary with no
consistent pattern or be caused by not preventing the effects of electrostatic forces
(see Rule 11 below).

It is impossible to provide instruction for all types of balances in a book such as
this one. However, it is possible to provide simple, generic, general rules for the
operation of a balance. These general guidelines for balance operation are the
same regardless of the specific type of balance:

1. Never force a lever, pan, door, or other part of a balance. If balance parts
do not move smoothly and easily, there is probably a reason, and
brute force will not be the cure.

2. Never drop a weight or a sample, or let one fall on any part of the bal-
ance (for that matter, do not drop a weight or sample at any time).

3. Never handle a calibration weight with your fingers. Even if the toler-
ances you are working with are well above the limits for weighing a
fingerprint, the oils from your skin could corrode the weights.
Besides, if you get in the habit of handling low-quality weights (see
Sec. 2.4.12) with your fingers, you are likely to continue the habit
with high-quality weights.

4. Never handle an object to be weighed with your fingers when making
analytical weighings, because your fingerprints will alter the weight.
Use tongs or tweezers.

5. Never let a spill sit. Keep some paper towels within reach of a balance to
help mop up any spill immediately. Such a spill may pose a health
danger or could damage the balance.

6. Never place or remove a weight on a balance without first verifying that
the pans or trays are in the arrested position—that is, the pan(s) are
securely supported and cannot move. Otherwise the action could
cause the blades to slip from their pivot points and/or damage the
blades.
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7. Never move, twist, or turn any part of the balance with a quick jerky
motion. The balance is a delicate machine and such actions could
cause the blades to slip from their pivot points and/or damage the
blades.

8. Never place a powder or liquid directly on any part of the balance. Aside
from the difficulty in completely removing the entire weighed sam-
ple, there is the danger of the material being corrosive to the balance
pan, or the powder drifting off, or the liquid dripping off into the bal-
ance's mechanical sections. There should always be glass, a weighing
pan, or weighing paper between the object and the balance.

9. Never rush. Allow time for the object to reach the balance room's ambi-
ent temperature. One way to verify such a temperature alignment is to
put a comparable material and thermometer into a dummy vessel.
When the material in the dummy vessel reaches ambient temperature,
the weighing sample is also likely to be at an acceptable temperature.

10. Never leave a single-pan balance without first setting the pan(s) to the
arrested position, and then turning the weights back to zero. Other-
wise the constant pressure prematurely ages the balance's mechanical
parts.

11. Never weigh objects (particularly powders or granules) if the air is dry
(<40% relative humidity), and never use plastic containers.

12. Never take the calibration of a balance for granted. Likewise, the bal-
ance should be calibrated each time it is moved regardless of whether
it was across the country, to a different building, or to a different
table.

There are some interesting quirks as to why temperature (Rule 9) is important to
weighings made on an analytical balance. Heat has some seemingly strange
effects on the weight of an object. An object that is hot will weigh less than it does
at room temperature due to (a) hot air rising and (b) pulling the weight and pan up
with the current of air. It is also because hot materials have less adsorbed and
absorbed water on them. Thus when you weigh a hot object, you are weighing the
weight without any surface water. As an object cools off, water begins to attach to
the surface of the object and "weigh it down." The actual significance of this water
weight is generally ignored because it is too small for most purposes. Likewise, if
a cool object is placed in a weighing chamber, the reverse occurs and the object
will appear heavier than it really is. Because cold objects are likely to have water
condense on the container's surfaces as well as on the object itself, the amount of
collected water is very likely to have a significant effect on an object's measured
weight.

Electrostatic problems (Rule 11) are likely to occur when atmospheric (relative)
humidity is below 40%. If a container becomes positively (or negatively) charged
and the weighing apparatus is likewise charged, they will repel each other and the
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object will appear heavier than it really is. Conversely, if the container and bal-
ance are oppositely charged, they will attract and the object will appear lighter
than it really is. There are several ways to prevent this problem13:

1. Use a humidifier to increase the humidity to between 45% and 60%,

2. Place weighing vessels in a metal container to screen electrostatic
forces.

3. Use an appropriate weighing vessel (plastic is poor, glass is good, and
metal is best) to avoid electrostatic forces.

4. Anti-static guns are commercially available, but they should not be
relied on.

5. The balance is likely to be grounded through the power cord's third
wire. Therefore do not bypass this wire if using an extension cord. Be
sure to use a three-wire extension cord and an appropriate wall
socket.

Although the need to calibrate (see Rule 12) a balance that was moved to a dif-
ferent table is just to verify that nothing got misaligned, the changes in gravity
forces of a balance moved cross-country can be significant. Likewise, a balance
move in a vertical motion some 10 meters can show signs of miscalibration. Aside
from the need to recalibrate a balance to counter the effects of changing gravity,
the wear and tear of moving balances should be enough reason to not move a bal-
ance any more than necessary.

2.4.7 The Spring Balance

A spring balance compares two different forces (gravitational attraction vs. tensile
forces of the spring) to weigh an object. Assuming that the tensile forces of a
spring balance remain constant, as any inertial forces (i.e., gravity) change, weight
readings will change. A spring balance therefore is typically used to illustrate dif-
ferences in weight when the gravitational effects of celestial bodies are compared.
A lever arm (pan) balance compares the same force and thereby cannot reflect
changes in gravity.

Unfortunately, metal spring balances suffer from a variety of problems. For
instance, the spring in a balance can suffer from hysteresis (extended beyond the
point of resiliency, the spring cannot return back to its original position). In addi-
tion, very accurate spring balances need to be calibrated for changes in gravity
depending on where on the Earth they are being used.

Perhaps the biggest problem with spring balances is that the linear motion of the
spring is typically converted to some type of circular motion for reading the
weight. Such gear reductions introduce friction, which decreases readability, pre-
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cision, and accuracy. Linear spring balances, such as those used for weighing fish
on a boat, also have built-in friction from the parts that rub on the scale face.

Despite their general lack of accuracy, their popularity is understandable. Their
limited accuracy and reliability are more than sufficient, however, for the demands
of grocery stores or bathroom scales. To use anything more complicated or expen-
sive when the need is not justified is a waste of time and money.

There is an interesting story, from the gold rush days, about people taking
advantage of the inaccuracies peculiar to the spring balance. As you go from the
north or south pole toward the equator, the centrifugal force caused by the earth
spinning increases, which counter-effects the force of gravity. In addition, the
earth is somewhat oblate (due to centrifugal force) and the effects of gravity are
somewhat less at the equator because the earth's surface is farther from the earth's
center. Thus, using a spring balance, an object weighs less at the equator than it
does at a pole. During the California gold rush, some people would purchase gold
in California, using a spring balance for weight measurement, and sell the same
gold in Alaska using the same balance. Because the gold weighed more in Alaska,
it was worth more. Thus, a (good) living was made by buying and selling gold at
the same price per ounce. Such a practice would not be possible with a two-pan
balance.

Some highly accurate spring balances are typically made out of fused silica
(quartz glass) and used in vacuum systems. The use of fused silica has two advan-
tages. For one, the material is extremely nonreactive. Thus it is unlikely to corrode
as a metal might when in contact with acids and/or oxidizers. In addition, glass is
considered perfectly elastic until the point of failure. Thus, there are no hysteresis
problems.

These balances simply are a hanging coil of fused silica with a glass basket on
the bottom. An optical device with a calibrated vertical measurement system
sights on a point on the glass basket. A calibrated weight is placed within the bas-
ket, and the optical device is moved down so the system can sight on the same
point and the new calibration is noted. Several more weight measurements are
made to verify linearity. By observing the amount of spring travel for a given
amount of weight, very accurate measurements can be made. Unfortunately, the
amount and type of supporting equipment for this type of spring balance are
expensive.

2.4.8 The Lever Arm Balance

The lever arm balance compares the mass of an object to the mass of calibrated
weights. There are two major types of lever arm balances. The equal arm balance
[see Fig. 2.23(a)] works by directly comparing a known weight to an unknown
weight, both of which are placed an equal distance from the fulcrum. Once in bal-
ance, there is a one-to-one ratio (of the weights) between the unknown and known
weights. A well-made balance of this type is capable of high accuracy and preci-
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Fig. 2.23 Two basic lever arm designs.

sion. The disadvantage of this type of balance is that many standard weights are
needed to provide the balance with its full range of weighing capabilities.

The unequal arm balance [see Fig. 2.23(b)] compares an unknown weight to the
distance a known weight is to the fulcrum. When weighing an object, the further
the balance weight is moved from the fulcrum, the heavier the object. The primary
advantage of the unequal arm balance is that it needs only a limited number of cal-
ibrated weights. The disadvantage of this type of balance is that its accuracy is
limited by how many divisions can accurately be defined between the units on the
balance arm.

Another problem of the equal arm balance is ensuring that the weight is directly
under its pivot point. This alignment is important because the pivot point helps
define how far the weight is from the fulcrum. As the unequal arm balance dem-
onstrates, variations in the distance a weight is from the fulcrum can change its
effective weight. In the 17th century, a mathematician named Roberval devised a
balance arm that guaranteed that weights would act as if they were under the pivot
point, regardless of how far they were placed from the fulcrum. The basic config-
uration of a balance utilizing the Roberval principle is shown in Fig. 2.24, and the

Pivot
Axis -

Fulcrum

\

Fig. 2.24 The Roberval principle balance. From The National Bureau of Stan-
dards Handbook 94, Figure 5, "The Examination of Weighing Equipment" by M.W.
Jensen and R.W. Smith.,U.S. Printing Office, 1965, p. 155. Reprinted courtesy of
the national Institute of Standards and Technology, Technology Adminstration,
U.S. Department of Commerce. Not copyrightable in the United States.
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Fig. 2.25 Applications of the Roberval principle used with top loading balances.*
From The National Bureau of Standards Handbook 94, Figure 6, "The Examina-
tion of Weighing Equipment" by M.W. Jensen and R.W. Smith, U.S. Printing
Office, 1965, p. 155. Reprinted courtesy of the national Institute of Standards and
Technology, Technology Adminstration, U.S. Department of Commerce.

Roberval principle used in equal and unequal style top-loading balance designs is
shown in Fig. 2.25.

The advantage of the Roberval principle balance is that the placement of the
weights has no effect on weight readings because the momentum of the weights is
transferred to (and located at) the pivot axis. As far as the functions of the balance
are concerned, the effective location of the weight is at the pivot axis regardless of
its real location. The Roberval principle is used on all top-loading balances and
many pan balances. The major drawback to this system is that it doubles the axis
points and therefore doubles the friction on the system, which can reduce the bal-
ance's sensitivity.

The pivot axes of laboratory balances are not drawn correctly in either Fig. 2.24
or Fig. 2.25, but instead are either a knife edge or flexural pivot as shown in
Fig. 2.26. The knife edge has the advantage of freedom of movement and no
inherent restrictions. Its disadvantage is that its edge can wear or collect dust at its
edge contact point. Either of these conditions causes friction, decreasing the accu-
racy and reliability of the balance. Static electricity can also reduce the freedom of
movement of a knife edge.

The flexural pivot is free of the problems associated with the knife edge. How-
ever, it can act as a spring and therefore may add an extra force to the weighing
process. This force may artificially subtract from an object's true mass and pro-
vide inaccurate readings. This effect may arise as a result of time or as tempera-
ture changes.* Manufacturing design may decrease this effect, and it may also be

(a) Knife edge (b) Flexural pivot

Fig. 2.26 Pivot axes.

The flexural pivot may become more or less stiff due to time and/or temperature.



Weight and Mass 2.4 131

compensated for in the electronics, especially when used in conjunction with
servo-controlled balances.

2.4.9 Beam Balances
Beam balances fall into the unequal arm balance category. Generally, they are not
capable of weighing very light objects (<0.1 g). They obtain greater precision by
having a separate beam for each decade of weight capability (by splitting up the
measurements on different beams, you obtain greater distance for each subdivi-
sion of weight. Otherwise, the gradations are closer together, making it more diffi-
cult to distinguish between them).

As seen in Fig. 2.27, the higher weight readings (the 100- and 10-unit beams) of
a beam balance have notches at regular intervals, which forces the sliding weight
to consistently land in the same spot each time the weight is moved to that loca-
tion. This design helps ensure precision (repeatability) for those weight ranges as
well. The 1.0-unit beam has no notches, which allows the user to slide the counter
weight along the beam until the balance arm is in balance.

Before using a balance, be sure that it is level with the surface of the table.
Some beam balances have a built-in level for this purpose. Screw the legs of the
balance until the balance is level. Balances that do not have built-in levels are not
expected to have the accuracy of those requiring precision-leveling. Regardless,
you should always level the balance as best you can by eye.

Before an object is weighed, the balance should first be nulled, or zeroed. This
zeroing procedure is done with nothing on the balance pan and by placing all of
the weights (on each beam) to their zero points. If the balance does not indicate
"centered," rotate the balancing screw (on the pan side of the balance) as neces-
sary to zero, or "balance" the balance. Balances that require you to complete (fin-
ish) the balance process with the beam in the same balanced (null) position at
which you started are called null-type balances.

To weigh an object, place the unknown object on the center of the balance pan.
Move the heaviest weight over, a few notches at a time, until the beam side is
heavier than the pan side. Move that weight back one notch, then take the next
heaviest weight and slide it over, a few notches at a time, until the beam side is
again heavier than the pan side. Move that weight back one notch. Repeat this
process for all of the weights on notched beams.

The lightest-weight beam has no notches. Slide the counter-weight until the
beam and pan are balanced. Reading the weights on the balance involves adding
up the weights on the various beams. Figure 2.27 shows the counter-weights on
the three beams at "70," "8," and "0.76." Thus, the reading of this triple-beam bal-
ance is "78.76."

After you complete a weighing and record the value in your log book, remove
the object and return the counter-weights to their zero value.



132 Measurement

1.0

v v—i
9 10 I

Fig. 2.27 The calibration readings of a three-beam balance.

2.4.10 Analytical Balances

Analytical balances are those of Class I and Class II (see Table 2.21) and require a
division of the scale's capacity that is typically smaller than 10~5 of the total
capacity with a readability of 0.1 \\g to 0.1 mg (IO"7 to 10"4 g). Analytical balances
have the greatest precision for the most demanding work. For many years, only a
properlymade two-pan balance* could achieve the precision required to obtain the
required level of accuracy. Despite their accuracy, weighings made on two-pan
balances were slow and inefficient. Eventually, technology improvements in sin-
gle-pan balances brought them to meet and eventually exceed the capabilities of
two-pan balances, yet maintain their speed and efficiency.

As can be seen in Table 2.23, a balance that can read 5 grams to 4 decimal
points is in the same class as a balance that can read 500 grams to 1 decimal point.
Thus, an analytical balance is not one that can read only small amounts to very
small intervals, but is practically any balance that can read its capacity to very

Table 2.23 Laboratory Analytical Balances 14

Balance name

Macrobalance

Semimicrobalance

Microbalance

Ultramicrobalance

Capacity

100-200 g

30-100g

3-50 g

3-5 g

Scale
Divisions"

io-5

io-5

io-5

IO6

" Scale divisions are the number of divisions of the total capacity of a bal-
ance.

It is unlikely that you will find the classic two-pan balance in use in laboratories. In a way this omis-
sion is a pity because they are typically beautifullymade instruments. For those of you who may still
use them, I cannot fault you for your romantic actions. For those of you who are considering getting
rid of one to make room, please do not. You do not need to use it, just keep it and let its beautiful
construction remind you of the art that is possible in technology. Because of the rarity of two-pan
balances in contemporary labs, there will be no discussion of their use or operation in this book.
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Fig. 2.28 The single pan balance.

small intervals. The terms microbalance or semimicrobalance do not refer to the
size of the calibrations, rather they refer to the capacity of the scale. In fact, an
analytical balance can have a capacity as great as 50 kg so long as the scale divi-
sions are smaller than 10"5 of the total capacity. The names of the standard analyt-
ical balances used in the laboratory are shown in Table 2.23.

A single-pan balance (Fig. 2.28) is typically one in which all that the user sees
is a single pan in a container with several knobs and levers on the front or sides.
There also will likely be some optical component that the user may see as a
frosted screen or digital readout. There are four major types of single-pan bal-
ances: mechanical, mechanical with an optical deflector (for the smallest mea-
surements), servomotor, and hybrids of mechanical (for larger weights) and
servomotor (for smaller weights). Although you will still find the former two
types of balances in laboratories, most of the balances currently in production
today are of the latter two types.

Most of these balances will have either a magnetic or air damper, which arrests
the free movement of the balance beam. This damper also allows the balance to
come to a rest position much faster than otherwise possible. In addition, hybrid
mechanical single-pan balances have a lever arm that can prevent, partially free,
and completely free the balance beam's movement. This three-part varying
restriction is important, for it protects the knife edge on which the balance beam
rocks during gross, or rough, movement actions, yet it allows free and easy move-
ment when final measurements are made. When objects are being placed on the
pan, the lever should be in the fully arrested position to prevent any movement of
the beam and protect the balance's mechanical parts. Partial movement of the bal-
ance beam allows safe addition and subtraction of heavier weights. Full motion of
the balance beam is necessary when light (mg) weights or optics are used for final
weighing.

The mechanical aspect of these balances typically employs a crankshaft or
rocker arm assembly that supports the weights. The weights are engaged or disen-
gaged on the balance beam as the shaft is turned. Typically, only four weights per
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Table 2.24 The Addition of Weights From 0 to 10

1

1

3

1

5

1

1

Nothing

+ 1

+ 3

+ 5

+ 1 + 5

0
1

2

3

4

5

6

7

decade are required. An example of the weights necessary to go from 0 to 10
would be 1, 1, 3, and 5 (the 0 to 10 range as shown in Table 2.24). The selection of
weights is handled internally by the crankshaft. The user simply rotates the dial
until the proper deflection is noted on the balance's viewing screen.

The counterbalance weights within a single-pan balance are described as having
an apparent mass. The term apparent mass is used because what you are reading
is different from true mass due to the effects of air buoyancy. If corrections are
made for air buoyancy (see Sec. 2.4.3), you have true mass. In more recently man-
ufactured single-pan balances,* the apparent mass has been changed from 8.3909
g/cm3 (brass) to the current 8.0 g/cm3 (stainless steel). This change was made to
better approximate the density of grade S weights (see Sec. 2.4.13 and
Table 2.26). The density of the apparent mass used within a balance should be
identified somewhere on the balance and/or in its literature. If you are using a bal-
ance with the older apparent mass and switch to a balance with the newer apparent
mass, you would need to add a 0.0007% correction to the total weight. This cor-
rection is equivalent to 7 mg in 1 kilogram and is so significantly lower than the
tolerance of most balances that the correction is not really necessary.

Regardless of whether a single-pan balance is completely mechanical or a
hybrid, there are several advantages of the single-pan balance over the two-pan
balance:

1. Because the weights are inaccessible to the user, there is no chance for
the weights to be accidentally touched. Analytic balances are so sen-
sitive that fingerprints, or corrosion from fingerprints, can alter the
weight of analytic weights.

2. The single-pan balance can make use of optics and/or servomotors (see
next section) to obtain the smallest weight measurements. By elimi-
nating mechanical deflection of weights for the final part of the mea-

*This was changed in the mid-1970s.
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surement process (such as a gold chain* or rider1), repeatability is
substantially improved.

3. Single-pan balances typically have damping devices that help to mini-
mize the free swinging of the lever arm. This device speeds the
weighing process immensely over the time spent "counting swings"
for two-pan balances.

There are many different brands and models of single-pan balances. Each has its
own mechanism for weighing an object. As in all other lab equipment, the original
manual, or a copy of the same for information on how to use the balance, should
be readily available. Regardless, the general procedures are typically similar: The
larger weights are invariably manipulated by dials for each decade of weight.
These dials are rotated until the appropriate weight is obtained or until the final
weighing is complete.

Weighing an object on a single-pan balance typically involves first making sure
that the balance is nulled. This procedure is done by setting all dials to "0," rotat-
ing the lever arm to the free arm position, and manually setting the servomotor or
optical window to "0.00" to verify its "null" starting point. Once the balance is
set, return the lever arm to the arrest position before placing the object to be
weighed on the center of the pan, inside the door of the balance. For very sensitive
weighing, do not handle the object with your bare hands. Select tongs that are suf-
ficiently long so that your hands do not get into the weighing chamber area. Close
the door and wait a few minutes to allow the internal sections of the balance to
regain equilibrium for both drafts and temperature.

The weighing procedure is made by rotating the lever arm to the semi-release
position. Slowly rotate the weight knobs from lighter to heavier. When the scale
deflects, back up one weight calibration (for instance, if the scale deflects when
the gram dial is rotated to "7," rotate the dial back to "6"). Continue the process
for each weight dial until the final weight measurement is attained.

It is not possible to specifically explain how to make the smallest weight divi-
sion weighing for single-pan balances in a book like this one because there are so
many different ways it can be done depending on the brand or model of balance.
Regardless, the general procedure for a final measurement is made by rotating the
arresting arm from the partial freedom position to the full freedom position. Then
dial, turn, or observe the smallest weight division for the completed weight. Once
the weight has been determined, return the arresting arm back to the full arrest

A gold chain was used on one design of the single-pan balance. The gold chain was unwound onto
the balance pan until the sample and internal weights balanced. The length of chain on the pan was
directly equal to its proportional weight and therefore the length of chain was used to make the final
measurement digit.
tThe rider is a sliding counterbalance that is used to make the final weight calibration on two-pan
balances.
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position. Open the door and remove the object that was weighed. If there are any
liquid or powder spills, clean them up immediately.

2.4.11 The Top-Loading Balance

The advent of the servomotor brought new levels of accuracy to the top-loading
balance. The servomotor gave top-loading balances the ability to weigh very small
amounts quickly. Top-loading balances can generally measure as little as one-hun-
dredth of a gram; more sensitive (and therefore more expensive) models can mea-
sure one-ten thousandth of a gram.

The operation of the servomotor is completely different from balance- beam
balances because it does not require the use of counterbalancing weights. By their
simplicity, servomotors have done to weighing what quartz crystals have done to
timekeeping. This revolutionary device has allowed the removal of sluggish coun-
terbalance weights and replaced them with electronics. Basically, the servomotor
works by transferring linear motion to an electromagnetic force. The pan is estab-
lished in a null position with an electronic light sensor. Any weight placed on the
pan deflects the light sensor off its established position, and an electromagnetic
current is initiated to return the pan to its original position. Because a greater
weight requires a greater electric current to accomplish this task, the current can
be directly read as a weight.

Because the neutral (or null) position can easily be established with a weight on
the pan, recalibration and taring* to the null position (before actual weighing) are
accomplished by pressing a button.

Servomotors may be found in both single-pan balances and in top-loading bal-
ances. The operation of top-loading balances typically requires turning on the bal-
ance, pressing the null, or taring, button, and placing an object on the balance. The
weight is calibrated and displayed on a screen within moments. Because the entire
operation is electronic, the information can be sent to a printer for a permanent
record, or to a computer for automatic processing. Computational capabilities (by
software) can also be included to process such things as counting or statistical
information about objects being weighed.

Lest you think that the laboratory balance has been made perfect by the servo-
motor, realize that the servomotor is electronic and therefore is susceptible to var-
ious types of interference. Sources of interference include:

1. Weighing magnetic materials or placing the balance on a magnetic or
ferrous table or surface. Magnetic objects cannot be weighed on a ser-
vomotor. To verify whether the magnetic or ferrous surface is affect-
ing the readings, you can place the balance at various locations
around the table and note any differences. In most circumstances, you

'Taring is the act of setting the scale to zero when a container is on the balance. Consequently, fur-
ther weighings do not require subtracting the already-weighed container.
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do not need to bother trying to weigh with a servomotor on such a
surface.

2. Electromagnetic interference. This interference can come from any elec-
tromagnetic-emitting field or source such as a CRT (from computer
screens), RF generator, and radio transmitter. Using a hand-held radio
transmitter, one can test the effects of electromagnetic interference on
a balance. Erratic behavior of the balance's display may also be
caused by interference on a floor above or below the balance location.

3. Dust contamination. Although it is easy to associate problems with dust
on mechanical balances, it is less apparent why dust would affect an
electronic apparatus. The answer is that because there is movement
within the servomotor itself, dust collections between the magnet and
electric coils is likely to cause erratic measurements. Additionally, if
dust-sized ferrous particles find their way to the electromagnet, the
servomotor could be shorted and rendered useless.

Analytical top-loading balances (those that can measure one-thousandth of a
gram or smaller) have covers or doors to isolate the balances from drafts. These
covers also provide limited protection from accidental spills. Typically, general-
use, top-loading balances do not have covers and are therefore subject to damage
from accidents. Plexiglass covers may be obtained for many models of top-load-
ing balances to protect them against such problems. Even a cardboard box placed
over a balance will help reduce dust and limit accidental spills on the balance.

One problem inherent in top-loading balances is that the weight of objects to be
weighed can vary when placed at different locations on the weighing pan.*
Although this inconsistency should not apply, the problem is often complex and
has to do with the geometry of how a top-loading balance is made and where the
weight is distributed. Fortunately, testing for this problem is easy: Make several
weighings of the same object at various locations on the balance pan. You may
want to pre-mark the pan with some numbered geometric pattern (such as a star)
to readily identify the location of any weight changes.

2.4.12 Balance Verification

If you have determined that your balance is making inaccurate measurements and
you have eliminated human error, you not only cannot trust any future weighings,
you must question all past weighings to the point of the last balance verification.
By maintaining written records of balance accuracy tests on a routine basis, the
reliability of past measurements can be verified. Otherwise, every weighing made
between the last verification and the first appearance of faulty readings is in

'Hanging pan balances, by their design, cannot have this problem.
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doubt.* If you find errors during equipment testing, you need to track their source
and correct the problem. Otherwise, all future data will also be in doubt.

The tolerance of a given balance is based on the level of accuracy that the bal-
ance is designed to provide. The greater the tolerance, the less the precision. The
less the tolerance, the greater the precision. The tolerance of a balance is a per-
centage of its last significant figure (in fact, tolerance is often defined by the last
significant figure). If you have a balance which is accurate to ± 0.1 gram, you
should not report a reading of 0.02 grams.

When we discuss a balance's quality, we generally are referring to its reliability
and accuracy. A balance, no matter how sensitive, is not a quality balance unless it
is reliable and accurate in its measurements. Because the accuracy of a balance
can decrease from wear, dirt, or contamination, routine periodic verification is
required. The manufacturer can provide suggested verification schedules that may
have to be increased or decreased depending on the conditions in your lab.

All balances should be checked for:

1. Precision. Does the balance read the same weight over a series of mea-
surements for the same object?

2. Accuracy and linearity. Does the balance read the same weight as that
given for a calibration's nominal weight, and does the balance pro-
vide the same accurate weighings over the full weight range of the
balance?

3. Readability. Is there accurate, repeatable deflection at the smallest unit
of measurement that the balance is supposed to read, including any
vernier or micrometer calibration (if present)?

4. Settling time. Does the balance take the same amount of time to settle at
the final weighing as it did to null?

5. Response to temperature. Does the balance provide the same reading
at 20°C as it does at 25°C?

6. Responses to other environmental disturbances. What are the effects
on the balance of drafts, vibrations, electromagnetic fields, magnetic
fields, and other conditions?

Tests 4, 5, and 6 help identify under what conditions you should not bother
making weighings. They should be reevaluated each time balance verification is
made, because general wear and tear may exacerbate any environmental influ-
ence.

All electronic balances should also be checked for:

7. Warm-up variations. Some balances may indicate different weight val-
ues for the same object depending on how long the balance has
remained in operation. See if any of the six previous tests is affected

If the amount of inaccuracy is less than your experimental limits, there is no reason to throw out any
measurement.
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Table 2.25 Laboratory Weight Types*

Type I

These are made from one piece of material
and have no compensating added materials.
They are required when a precise measure-
ment of density must be made.

Type II

These can be made of multiple materials for
purposes of correcting the weight. This can
be done by adding material or adding rings
or hooks. The added material must not be
able to separate from the weight.

" From ASTM Designation E 617 "Standard Specification for Laboratory Weights And Preci-
sion Mass Standards," reprinted with permission.

if the balance has just been turned on, left on for one-half hour, or left
on for several hours.

Finally, top-loading balances should also be checked for:

8. Off-center errors. Does the balance make consistent weight measure-
ments when an object is placed at different locations on the balance
pan?

2.4.13 Calibration Weights

Calibration weights should only be used to calibrate or verify the accuracy of a
balance. Calibration weights should never be used to make weight determinations.
They should never be handled directly with hands, and they should be stored in
safe locations away from environmental dangers.

A balance should be verified using the same calibrated weight each time.
Because calibrated weights have expected variations in tolerance, using different
weights may yield varying test results and could lead you to believe your balance
requires constant (minor) recalibration when, in fact, no such calibration is
required.

The ASTM has categorized laboratory weights into the following divisions:

1. Types (I and II). Type refers to how the weights were constructed. Type
I is of better quality than Type II. See Table 2.25.

2. Grades (S, O, P, and Q). Grade refers to how the surfaces of the
weights are finished. S is better in quality than O and, likewise in
turn, P and Q. See Table 2.26.

3. Classes (1,1.1, 2, 3, 4, 5, 6). Class refers to the amount of weight toler-
ance. The lower the Class number, the smaller the tolerance. Class 1.1
is a specialized class for calibrating low-capacity, high-sensitivity
balances. See Table 2.27 & Table 2.28.
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Table 2.26 Laboratory Weight Grades"

Grade

S

O

P

Q

Density

7.7 to 8.1
(50 mg and
larger)

7.7 to 9.1 (1
g and larger)

7.2 to 10(1
g and larger)

7.2 to 10(1
g and larger)

Surface Area

Should not be
greater than
twice the area of
a cylinder of
equal height
and diameter.

(Same as Grade
S)

No restrictions
but those made
out of sheet
metal should not
be overly thin.

(Same as Grade
P)

Surface Finish

Highly polished and
free of pits or mark-
ings except for iden-
tification markings.

(Same as Grade S)

Smooth and free of
irregularities that
could retain foreign
matter.

(Same as Grade P)

Surface Protection

None, must be pure.

May be plated with plati-
num, rhodium, or other
suitable material that will
meet specification for cor-
rosion resistance, mag-
netic properties, and
hardness.

May be plated or lac-
quered. Coating material
should resist handling or
tarnishing.

May be plated, lacquered,
or painted to resist tarnish-
ing and handling. Weights
50 kg or larger may have
opaque paint.

" From ASTM Designation E 617 "Standard Specification for Laboratory Weights and Precision
Mass Standards," reprinted with permission.
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Table 2.27 Tolerance by Class of Weights

W
ei

gh
i

(k
g)

50
30
25
20
10
5
3
2
1

(g)
500
300
200
100
50
30
20
10
5
3
2
1

(mg)

Class 1'i

Tolerance (mg)

In
di

vi
du

al

125

75

62

50

25

12

7.5

5.0

2.5

G
ro

up

135

13

1.2

0.75

0.50

0.25

0.12

0.074

0.074

0.050

0.034

0.034

0.034

0.034

1.35

0.16

0.065

W
ei

gh
t

(K
g)

50

30
25

20
10
5

3
2

1

(g)
500
300
200
100
50
30
20
10
5
3
2
1

(mg)

Class 2l

Tolerance (mg)

In
di

vi
du

al
250

150

125

100

50

25

15

10

5.0

G
ro

up

270

27

2.5

1.5

1.0

0.50

0.25

0.15

0.10

0.074

0.054

0.054

0.054

0.054

2.7

0.29

0.105

Class 3C

W
ei

gh
i

(K
g)

50
30
25
20

10
5

3
2

1

(g)
500
300
200
100
50

30
20
10
5
3
2

1

(mg)

Tolerance
(mg)

In
di

vi
du

al

500

300

250

200

100

50

30

20

10

G
ro

up

625

62.5

5.0

3.0

2.0

1.0

0.60

0.45

0.35

0.25

0.18

0.15

0.13

0.10

6.3

2.00

0.70
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Table 2.27 Tolerance

Class V

W
ei

gh
t

(k
g)

500

300

200

100

50

30

20

10

5

3

2

1

Tolerance (mg)
In

d
iv

id
u

al

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

G
ro

u
p

0.020

by Class of Weights (continued)

Class 2h

W
ei

gh
t

(K
g)

500

300

200

100

50

30

20

10

5

3

2

1

Tolerance (mg)

In
d

iv
id

u
al

0.025

0.025

0.025

0.025

0.014

0.014

0.014

0.014

0.014

0.014

0.014

0.014

G
ro

u
p

0.055

0.034

Class 3C

W
ei

gh
t

(K
g)

500

300

200

100

50

30

20

10

5

3

2

1

Tolerance
(mg)

In
d

iv
id

u
al

0.080

0.070

0.060

0.050

0.042

0.038

0.035

0.030

0.028

0.026

0.025

0.025

G
ro

u
p

0.325

0.183

0.128

a From the ASTM document E 617, Table X3.1, Class 1 Metric, reprinted with permission.

* From the ASTM document E 617, Table X3.3, Class 2 Metric, reprinted with permission.
c From the ASTM document E 617, Table X4.1, Class 3 Metric, reprinted with permission.
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Table:

Class 4"

W
ei

gh
t

(k
g)

5,000
3,000
2,000

1,000

500

300

200

100

50

30

25

20

10
5
3
2
1

(g)
500
300

200
100
50
30
20

10
5

3
2
1

Tolerance (g)
In

di
vi

du
al

100

60

40

20

10

6.0

4.0

2.0

G
ro

up

250

25

(ing)
1,000

600

500

400

200

100

60

40

20

1,250

250

10

6.0

4.0

2.0

1.2

0.90

0.70

0.50

0.36

0.30

0.26

0.20

25.0

4.00

0.75

2.28 Tolerance by Class of Weights

Class 5b

W
ei

gh
t

(k
g)

5,000
3,000
2,000

1,000

500

300

200

100

50

30

25

20

10

5
3
2
1

(g)
500

300

200

100

50

30

20

10

5

3

2

1

Tolerance (g)

In
di

vi
du

al

250

150

100

50

25

15

10

5.0

2.5

1.5

1.2

1.0

0.50

G
ro

up

625

63

3.0

(nig)

250

150

100

50

625

30

20

15

9

5.6

4.0

3.0

2.0

1.3

0.95

0.75

0.50

88

17.5

4.25

Class 6C

W
ei

gh
t

(k
g)

500

300

200

100

50

30

20

10

5

3

2

1

(g)
500

300

200

100

50

30

20

10

5

3

2

1

(mg)
500
300
200

100

Tolerance (g)

In
di

vi
du

al

50.0
30.0
20.0

10.0
5.00
3.00
2.00
1.00

G
ro

up

No
group

tolerance

(mg)
500

300

200

100

50
30
20

10

7

5
2
2
2

2
2

2

1
1
1

1

No
group

tolerance
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Table 2.28 Tolerance

Class 4a

W
ei

gh
t

(k
g)

(mg)
500
300
200
100
50
30
20
10
5
3
2
1

Tolerance (g)
In

di
vi

du
al

G
ro

up

0.16

0.14

0.12

0.10

0.085

0.075

0.070

0.060

0.055

0.052

0.050

0.050

0.65

0.363

0.255

by Class of Weights (continued)

Class Sb

W
ei

gh
t

(k
g)

(mg)
500
300
200
100
50
30
20
10
5
3
2
1

Tolerance (g)

In
di

vi
du

al

G
ro

up

0.38

0.30

0.26

0.20

0.16

0.14

0.12

0.10

0.080

0.070

0.060

0.050

1.40

0.65

0.325

Class 6C

W
ei

gh
t

(k
g)

Tolerance (g)

In
di

vi
du

al

G
ro

up

"From the ASTM document E 617, Table X5.1, Class 4 Metric, reprinted with permission.

*From the ASTM document E 617, Table X6.1, Class 5 Metric, reprinted with permission.

Trom the ASTM document E 617, Table X7.1, Class 6 Metric, reprinted with permission.

2.5 Temperature

2.5.1 The Nature of Temperature Measurement
Most of the measurements discussed in this chapter deal with physical properties,
such as length, volume, or weight. Measurement of these properties can be made
directly. Temperature is different because it is an energy property, and energy can-
not be measured directly. However, we can quantify the effect that one body's
energy (in this case heat) has on the physical properties of another body, and we
can measure that physical effect.

Unfortunately, heat energy does not have the same percentage of effect on all
materials in the same way. For example, heat makes most materials expand, but
few materials, if any, expand the same amount for an equal amount of heat. Thus,
the size increase for one material (for a given amount of heat change) is unlikely
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to equal the size increase for another material (with the same amount of heat
change).

On the other hand, it is possible to obtain the same temperature from two differ-
ent materials if they are calibrated the same. This operation is done as follows:
take two different materials and heat them to a specific (and repeatable) tempera-
ture. Place a mark on some reference material that has not expanded (or con-
tracted). Then heat the materials to another specific and repeatable temperature
and place a new mark as before. Now, if equal divisions are made between those
two points, the specific temperature readings along the calibrated region should be
the same even if the actual changes in lengths of the materials are different.

An interesting aspect about temperature measurement is that calibration is con-
sistent across different types of physical phenomena. Thus, once you have cali-
brated two or more established points for specific temperatures, the various
physical phenomena of expansion, resistance, emf, and other variable physical
properties of temperature will give the same temperature reading.

Table 2.29 The International Practical
Temperature Scale of 1968 for K and °Ca

Material and Condition
of Fixing Point*

Hydrogen, solid-liquid-gas equilibrium

Hydrogen, liquid gas equilibrium at 33,330.6
Pa (25/76 standard atmosphere)

Hydrogen, liquid-gas equilibrium

Neon, liquid-gas equilibrium

Oxygen, solid-liquid-gas equilibrium

Argon, solid-liquid-gas equilibrium

Oxygen, liquid-gas equilibrium

Water, solid-liquid-gas, equilibrium

Water, liquid-gas equilibrium

Tin, solid-liquid equilibrium

Zinc, solid-liquid equilibrium

Silver, solid-liquid equilibrium

Gold, solid-liquid equilibrium

K

13.81

17.042

20.28

27.102

54.361

83.798

90.188

273.16

373.15

505.1181

692.73

1235.08

1337.58

°C

-259.34

-256.108

-252.87

-246.048

-218.789

-189.352

-182.962

0.01

100.00

231.9681

419.58

961.93

1064.43

"From the ASTM document E 77, Section 3.2.2, reprinted with permission.

^Except for the triple points and one equilibrium hydrogen point (17.042 K), the
assigned values of temperature are for equilibrium states at a pressure:
p0 = 1 Standard atmosphere (101,325 Pa)

'Although not all of these temperature measurement techniques provide a uniform linear measure-
ment, the variations are known and can be calibrated and accounted for.
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Table 2.30 Secondary Reference Points of the IPTS-68 in °Ca

Temperature of

Equilibrium between solid carbon dioxide and its vapor

Freezing mercury

Freezing water

Triple point of phenoxy benzene (diphenyl ether)

Triple point of benzoic acid

Freezing indium

Freezing cadmium

Freezing lead

Boiling mercury

Freezing aluminum

°C

-78.476

-38.862

0

26.87

122.37

156.634

321.108

327.502

356.66

660.46
aFrom the ASTM document E 77, Section 3.2.3, reprinted with permission.

The establishing, or fixing, of points for temperature scales is done so that any-
one, anywhere can replicate a specific temperature to create or verify a thermome-
ter. The specific temperature points become (in effect) the International
Prototypes for heat. The General Conference of Weights and Measures accepted
the new International Practical Temperature Scale of 1968 (IPTS 1968) with 13
fixed points (see Table 2.29). The new (IPTS 1968) scale was a revision from the
IPTS 1948 (which had been amended in 1960).

There are two reasons for having many points with which to fix a temperature
scale. One is that, as mentioned before, few materials affected by heat change
length equally or linearly. Having many points allows scales to be calibrated in
short ranges, where nonlinearity is less likely to have a pronounced effect. The
second is that few, if any, thermometers can read all temperatures. Most thermom-
eters are calibrated to read a small range of temperatures. Many "fixing" points
allows for a robust system of calibration. Unfortunately, most of these points
require expensive equipment, and even then they are not easy to obtain and/or ver-
ify.

However, in addition to these primary reference points, a secondary series of
reference points was established by the IPTS-68 (see Table 2.30). These second-
ary points can more easily be used (than the primary temperature points) for test-
ing temperature equipment such as liquid-in-glass thermometers. They are useful
because they require less equipment and are therefore easier to obtain. Remember
that these points are secondary standards and should not be considered primary
standards.

Note that Table 2.29 refers to the temperature "K" or the temperature "°C."
Both of these measurement scales are temperature measurement units. There is
another scale, also known as "K," which is the unit of measurement for the Kelvin
thermodynamic scale. Because heat is a thermodynamic property, temperature
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measurements should be capable of easy referral to the Kelvin temperature "K,"
more properly known as the Thermodynamic Kelvin Temperature Scale (TKTS).
One degree K is exactly equal to the thermodynamic unit of K, and likewise is
exactly equal to one degree C. Otherwise, any specific temperature in one scale
can easily be converted to another by the relation

K = °C + 273.15

Values given in Kelvin temperature (TKTS) are designated as "T." Values given
in degrees centigrade (°C) are designated as "t." When either T or t is used to
express temperature from the International Practical Temperature Scale, it should
be designated as T68 or t68* For example, if you were to refer to the freezing point
of mercury, you would write -38.862%g.

2.5.2 The Physics of Temperature-Taking

When we measure the temperature of a body, we are depending on the heat of the
body to be transferred to (or from) our measuring device. Once the heat has been
taken to (or from) our measuring device, any physical changes in that device are
interpreted as a temperature change. The process where we analyze the effects
caused by a property to determine the amount of that property is known as
inferred measurement. For temperature we have a variety of physical properties
from which to infer the amount of energy (heat) that a given object has.

Measurement of temperature (or any energy property) has one major difference
from measurement of physical materials: It is not cumulative. To measure the
length of a room, you can lay several meter sticks end to end. The sum of the
number of meter sticks will be the length of the room. Temperature, however, is
not cumulative. If you have a liquid that is hotter than the range of temperatures
measurable on one thermometer, you cannot use a second thermometer to obtain
the remaining temperature.

Because the temperature ranges and conditions of a system can vary, a variety
of materials have been incorporated into different types of thermometers. The fol-
lowing is a list of common thermometer types and the property measured in each
to obtain a heat measurement.

1. Liquid-in-glass thermometer. Volume of liquid increases as heat
increases.

2. Gas or vapor at constant volume. Pressure of gas increases as heat
increases.

3. Dilatometer (or bimetal coil). As heat rises, the length of one metal
expands more than the length of the other metal.

The subscripted "68" is used to indicate that these temperatures conform to the IPTS-68 guidelines.
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Table 2.31 Ranges of Common Temperature Measuring Devices0

Measuring Device (method)

Mercury in glass thermometer

Alcohol in glass thermometer

Constant volume gas thermometer

Bimetallic thermometer

Thermocouple

Resistance thermometer

Optical pyrometer

Total radiation pyrometer

Speed of sound

Thermodynamic

Approximate Ranges

-38°C

-80°C

4K

-40°C

-250°C

0.8K

600°C

100°C

no limits

no limits

to

to

to

to

to

to

to

to

400°C

100°C

1850 K

500°C

1600°C

1600°C

up

up

aFrom Robert L. Weber, Heat and Temperature Measurement, Prentice-Hall © 1950, Engle-
wood Cliffs, NJ, p. 7, with permission.

4. Platinum wire. Electrical resistance of the wire increases as heat
increases.

5. Thermocouple. Thermal emf* goes up as heat increases.

Table 2.31 displays some common temperature ranges of a variety of thermom-
eters.

In addition to desired temperature ranges, variables affecting the selection of a
thermometer may include:

1. The material to be studied. Is it acidic, alkaline, oxidizing, flame,
plasma, hydrocarbon solvent, or conducting? One environment may
affect one type of thermometer, but have no effect on a different type
of thermometer.

2. The amount of material to be studied. The smaller the sample, the more
you need to be concerned about the heat capacity of the thermometer.
More specifically, a large thermometer with a large heat capacity can
change the temperature of a small sample, whereas a small thermom-
eter with a small heat capacity will read the temperature of a small
sample without changing the temperature.

3. The environment. Is is cramped, dusty, wet, hot, cold? Some thermome-
ters require very controlled environmental conditions to properly
operate.

4. The cost. Platinum resistance thermometers are incredibly accurate over

*"emf' stands for electromotive force, which is further discussed in Subsection 2.5.11.
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a wide temperature range. Unless you need the accuracy they can pro-
vide, you might be wasting your money.

5. The amount of support equipment required. A thermocouple is not very
expensive, but the controller can be. Similarly, constant volume gas
thermometers can be very bulky and cumbersome.

The reason for the variety of thermometers is that no one type is economical,
practical, accurate, or capable of measuring all temperatures in all conditions.
Selecting the right thermometer is a matter of analyzing your needs for a given job
and identifying what thermometer best satisfies those needs.

As stated before, temperature (or heat) is a form of energy. Heat always travels
from hot to colder bodies until thermal equilibrium is achieved. Thus, ice in a
drink does not cool the drink. Rather, the heat in the drink is transferred to the
cold ice, causing the ice to warm and melt. What remains is a "colder" drink
because heat energy was lost melting the ice.

The significance of this "ice story" leads us to an important principle of temper-
ature measurement: The act of taking an object's temperature changes the object's
temperature because we depend on some amount of heat being given off or
absorbed by the object to affect our measuring device. If the object being studied
is very large in comparison to the temperature measuring device, this effect is neg-
ligible. If the material being studied is in a dynamic system (with heat constantly
being introduced), the effect is irrelevant. However, if a small, static amount of
material is being studied, the thermometer may have a significant effect. You need
to select a temperature recording device that will have the least amount of effect
on the sample's temperature. Optimally, you want the heat capacity of the temper-
ature measuring device to be so much smaller than the heat capacity of the mate-
rial being studied that it provides an insignificant change.

Temperature (heat) is transferred from one body (or region) to another by three
thermal processes, conduction, convection, and radiation-adsorption, or some
combination of the three.

1. Conduction is the transfer of heat from one body to another by mole-
cules (or atoms) in direct contact with other molecules (or atoms).
This mechanism explains how a coffee cup is heated by hot coffee.

2. Convection is the physical motion of material. Examples of this process
would include hot air (or water) rising and cold air (or water) sinking.
Rigid materials cannot have convection.

3. Radiation and absorption are the results of heat energy being trans-
formed into radiant energy (the energy, for example, that gives us a
suntan).

One excellent example of an energy-efficient vessel is the Dewar. The Dewar
effectively limits heat transfer by limiting all three heat transport mechanisms.
Because its glass is a poor conductor of heat, the liquids on the inside of the
Dewar do not readily conduct their heat to the outside surfaces. The vacuum in the
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space between the two glass layers prevents heat transfer by both conduction and
convection. Finally, the walls of the Dewar are silvered to prevent loss of heat by
radiation and absorption.

2.5.3 Expansion-Based Thermometers
Because most materials expand as heat increases, the measurement of such expan-
sion is used as a basis of heat measurement. Because the expansion of most mate-
rials is reasonably constant across a given range of temperatures, the amount of
expansion can be quantified by a coefficient of expansion formula.

A linear coefficient of expansion is based on the following formula:

a = L-f£ (2.3)
LAt

where a = linear expansion

Lt = final length

LQ = original length

At = change in temperature

A volumetric coefficient of expansion is based on the following formula:

where p = volume expansion

Vt = final volume

VQ = original volume

At = change in temperature

A pressure coefficient of expansion is based on the following formula:

where (3V = volume expansion

Pt = final volume

Pg = original volume

At = change in temperature

As can be seen, all coefficients of expansion are based on the amount of size
change divided by the product of the original size and the change of temperature
that occurred. The result of this type of equation can be calculated for any mate-
rial. Because a coefficient of expansion is not necessarily consistent across a range
of temperatures, coefficient of expansion tables (or listings) will be an average
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Fig. 2.29 Bimetal thermometers use two metals of different expansion to create
spiral thermometers.

across a given temperature range. For example, to state that the coefficient of
expansion of glass is O.OOOOO33 means nothing unless you specify that you are
talking about laboratory borosilicate glass in the temperature range of 0 to 300°C.

It is critical to be precise about the composition and/or nature of the material
being analyzed. By changing the composition of any material, even a small
amount, the coefficient of expansion can be altered significantly.

2.5.4 Linear Expansion Thermometers

Linear expansion is most commonly used in bimetal spiral thermometers, which
use two metals with different coefficients of expansion (see Fig. 2.29). The two
metals can be welded, soldered, or even riveted together. As the metals are heated,
the metal with the greater expansion will cause the spiral to flex open or close
depending on which side the metal with the greater coefficient of expansion is on.
A reverse in temperature will cause a commensurate reversal in the flexing.

Spiral thermometers are easily recognized as part of most room thermostats.
They also are used in meat and oven thermometers.

2.5.5 Volumetric Expansion Thermometers
When you mention thermometers, volumetric expansion thermometers are what
typically come to mind (see Fig. 2.30). The material that expands within a volu-
metric expansion thermometer is typically mercury or (ethyl) alcohol. Another
name for a volumetric expansion thermometer is a liquid-in-glass thermometer.

The parts of a standard liquid-in-glass laboratory thermometer are as follows:*

1. The bulb. The storage area for the liquid. The size of the bulb is based
on the size of the thermometer.

*Not all liquid-in-glass thermometers have all these parts.
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2. The stem. The main shaft of the thermometer.

3. The capillary. The channel that carries the liquid up the stem. The nar-
rower the capillary, the greater the accuracy that can be achieved.
However, at a certain point, temperature readings are affected by sur-
face tension of the liquid and the glass of the thermometer, so manu-
facturers are limited as to how accurate a liquid-in-glass thermometer
can be.

4. The main scale. This scale is where the temperature is read. Some ther-
mometers are designed to read a specific temperature range for a spe-
cific test. A doctor's thermometer is one example of this type of scale.

5. The immersion line. Sets the placement depth for partial-immersion
thermometers.

6. The expansion chamber. An expanded region at the top of the capillary
designed to prevent a buildup of excessive pressure from the expand-
ing liquid.

7. The contraction chamber. Used to reduce the necessary length of a
thermometer when the desired temperature range would otherwise
require a very long thermometer.

8. The auxiliary scale. Required on thermometers whose calibrated region
does not include an IPTS (International Practical Temperature Scale)
calibration point. For example, say you have a thermometer with the
range of 20° to 80°C. The auxiliary scale would include the range of

Contraction Immersion Expansion
Bulb chamber line stem chamber

Capillary Auxiliary M a i n

scale S c a l e

Fig. 2.30 * The principle features of the solid-stem liquid-in-glass thermometer.
From Figure 3 from the NBS Monograph 90, "Calibration of Liquid-in-Glass Ther-
mometers," by James F. Swindells, reprinted courtesy of the National Institute of
Standards and Technology, Technology Adminstration, U.S. Department of Com-
merce. Not copyrightable in the United States.
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-5° to 5°C so that the thermometer could be verified against the triple
point of water.

Along the shaft of the thermometer, above the liquid in the thermometer capil-
lary, is an air space typically filled with nitrogen. The nitrogen is under pressure to
prevent condensation of the liquid in the upper portions of the thermometer. The
pressure of the gas in the confined space will vary according to changes in temper-
ature. Therefore, exposing the air space of a thermometer to unusually hot or cold
temperatures can affect readings.

Within the bulb is a large repository of the expansion liquid. However, be aware
that you cannot obtain an accurate temperature reading by placing just the ther-
mometer bulb in the test material. When only the thermometer's bulb is under the
heat's influence, the amount of expansion (or contraction) of the liquid beyond the
bulb region is unknown. Any liquid not immersed in the sample being measured is
not under the same influence as the liquid that is immersed. For example, if the
bulb were placed in a boiling solution while the stem was in an arctic frost, the
liquid in the stem would be contracted more than it would be if the stem was in a
warm room.

It is possible to compensate on the calibration lines for these limitations to a cer-
tain degree. To make this compensation, three different types of liquid-in-glass
thermometers have been designed with three different immersion requirements.
They are:

1. Total-immersion thermometers. Thermometers that require the liquid in
the stem to be completely immersed in the measured liquid. The
placement of the thermometer must be adjusted during use so that the
liquid in the bulb and stem are always immersed in the sample. These
thermometers are the most accurate.

2. Complete-immersion thermometers. Thermometers that require the
entire thermometer to be immersed in the measured liquid.

3. Partial-immersion thermometers. Thermometers that require only the
bulb and a specified portion of the stem to be immersed in the mea-
sured liquid. There will be a mark or a line on the thermometer stem
designating how far into the material the thermometer must be
placed. The standard partial-immersion thermometer has a line 76
mm (3 inches) from the end of the bulb.

There are many specialized thermometers available. Some are used to obtain
maximum and minimum temperatures, while others are used for specific tests.
The ASTM has defined a series of special partial-immersion thermometers for
specific tests. These thermometers are identified as ASTM thermometers and are
marked with a number followed by a "C" (for centigrade) or an "F" (for Fahren-
heit). The number is strictly an identifying number with no relation to the temper-
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ature range the thermometer can read. Because these thermometers are
specialized, they have immersion lines at unique locations on their stems.

Some thermometers have standard taper joints or ridges on the body of the glass
to fit specific equipment such as distillation or melting point apparatus. These
thermometers provide two types of position control. They set the bulb at just the
right height within specialized equipment and ensure that the liquid column is suf-
ficiently immersed in the heated sample. However, most thermometers do not
have built-in controls and the user must not only select the right thermometer, but
also adjust the thermometer to its proper level within the equipment.

The use of complete-immersion thermometers is fairly obvious. However, it is
not always possible or practical to completely immerse a thermometer. For exam-
ple, if the solution is not transparent, it is not possible to see the temperature.

There are tables that provide correction values for readings made when total-
immersion thermometers are not sufficiently immersed. In the absence of such
tables, use the formula for calculating stem correction given in the following
equation.

Stem correction = Kn{tb - ta) (2.6)

where K = the differential expansion of the liquid

n = number of units (in degrees) beyond the immersed stem
section

tb = is the temperature of the bath

ts = is the temperature of the liquid column (a second ther-
mometer is required for this reading)

Some general values for K* are

K = 0.00016 for centigrade mercurial thermometers and

K = 0.001 for centigrade organic liquid thermometers

To better understand stem corrections, consider the following example:
Thermometer reading: 105°C
Temperature of thermometer stem: 37°C
Number of units (in degrees) of stem
beyond immersed liquid: 43
Stem correction = 0.00016 x 43(105°C - 37°C)
Stem correction = 0.47°C
Final thermometer reading: 105.47 °C

Although this stem correction is relatively small, stem corrections of 10 to 20
degrees are not out of the question. Stem correction may be unnecessary depend-
ing on the difference between the sample and room temperature, the temperature

'Although the specific value of K varies as the mean temperature of the thermometer liquid varies,
these values are sufficient for most work.
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ranges you are working with, or your tolerance requirements. It is a good practice
to see what the stem correction would be to see if it is significant or not before
assuming that it is not necessary.

If you make stem corrections, be sure to indicate this fact in any work you pub-
lish. Likewise, when temperature measurements are cited in literature and no stem
correction is mentioned, it is safe to assume that no stem correction was made.

Partial-immersion thermometers have a greater tolerance (and therefore less
precision) than total immersion thermometers.* Interestingly enough, when a total
immersion thermometer is only partially immersed and no stem correction is
made, the accuracy is likely to be less than a partial-immersion thermometer.

The tolerance ranges for all thermometer designs are quite different from toler-
ance ranges for other calibrated laboratory equipment such as volumetric ware
(see Sec. 2.3). Tolerance varies mostly with graduation ranges and secondly with
whether the thermometer is of total- or partial-immersion design. Table 2.32
shows NIST tolerance and accuracy limitations. Remember that tolerance is a
measure of error (±), or how different a measurement is from the real value. A
large tolerance indicates less accuracy, whereas a small tolerance indicates greater
accuracy. Accuracy is the agreement of the thermometer reading to the actual tem-
perature after any correction is applied. Conditions that can affect a thermometer's
accuracy include variations in capillary diameter and external pressure variations
on the bulb.

2.5.6 Short- and Long-Term Temperature Variations

Thermometers do not maintain their accuracy over time. Depending on how they
are used, they are subject to short-term or permanent changes in measurement.
The problem stems from the fact that the density of glass and the volume of the
bulb change as temperature changes. If a thermometer is brought to a high tem-
perature and allowed to cool very fast, its density may not return to the original
density. Under these conditions the glass may "set" to a new density while cooling
and may thereafter be too viscous to return to the originally manufactured density.
By selecting special types of glass, thermometer designs, and manufacturing tech-
niques, manufacturers limit the amount of temperature-caused errors as much as
possible.*

Generally, using a thermometer only within the scale range for which it was
designed should limit changes. Overheating a thermometer (not designed to be
used for high temperatures) above 260°C should be avoided. When change
occurs, it typically results in a low reading that is often called an ice-point depres-
sion. During temperature-caused changes, the bulb increases in size as the temper-

*Because partial-immersion thermometers are designed for a specific test, uniformity of procedure is
more important than overall accuracy.
trrhere is likely to be changes in the stem volume as well, but the amount of those changes is likely
to be negligible.
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Table 2.32 Tolerance (±) and Accuracy for Mercury Thermometers"
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Thermometers graduated under 150°C
0 up to 150°

Oupto 150°

0 up to 100°

1.0 or 0.5

0.2

0.1

0.5

0.4

0.3

0.1 to 0.2

0.02 to 0.05

0.01 to 0.03

1.0 or 0.5

1.0 or 0.5

1.0

1.0

0.1 to 0.3

0.1 to 0.5

Thermometers graduated under 300°C

Oupto 100

Above 100
up to 300

Oupto 100

Above 100
up to 200

1.0 or 0.5

1.0 or 0.5

0.2

0.2

0.5

1.0

0.4

0.5

0.1 to 0.2

0.2 to 0.3

0.02 to 0.05

0.05 to 0.1

1.0

1.0

1.0

1.5

0.1 to 0.3

0.5 to 1.0

Thermometers graduated above 300°C
0 up to 300

Above 300
up to 500

0 up to 300

Above 300
up to 500

2.0

2.0

1.0 or 0.5

1.0 or 0.5

2.0

4.0

2.0

4.0

0.2 to 0.5

0.5 to 1.0

0.1 to 0.5

0.2 to 0.5

2.0 or 1.0

2.0 or 1.0

2.5

5.0

0.5 to 1.0

1.0 to 2.0

"From Tables 5 and 7 from Liquid-in-Glass Thermometry, NBS Monograph #150 by Jacquelyn
A. Wise. Printed by the U.S. Government Printing Office. Reprinted courtesy of the national
Institute of Standards and Technology, Technology Adminstration, U.S. Department of Com-
merce. Not copyrightable in the United States.

ature increases, but it does not contract to its original size as the temperature
returns to normal. Thereafter, once recalibrated at the ice point, the thermometer
temperature will always read less than the real temperature.

These changes may be either temporary or permanent, often depending on
whether the thermometer was cooled slowly through the higher-temperature
regions, or simply removed and haphazardly laid on a table. Depending on a ther-
mometer's glass quality, the hysteresis* effect can cause from 0.01 to 0.001 "of a
degree per 10 degrees difference between the temperature being measured and the
higher temperature to which the thermometer has recently been exposed."15

Hysteresis is when a material is stretched or distorted to a new position or shape and does not return
to its original position or shape.
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A thermometer will indicate short-term changes when used below 100°C, and it
will recover an error of 0.01 to 0.02 degrees in several days. Admittedly, these are
small amounts of error. Greater amounts of temporary error can be exhibited
when a thermometer is used for relatively high temperature readings and then is
immediately used for relatively low temperature readings. Thus, it may be advis-
able to separate thermometers not only by their temperature ranges, but also by
the temperature ranges for which they are used. This practice is especially impor-
tant if your work requires accurate thermometric readings.

Long-term changes are generally caused when a thermometer is maintained at
high temperatures for extended periods of time (> several hundred hours).16 Such
conditions can cause errors as great as 12°C. It is also possible to cause permanent
changes from repeated cycling at lower temperatures between -30°C and room
temperature.

It is uncommon to observe an alteration due to a temperature-induced change in
the readings along selective parts of the thermometer scale. Typically they are
more of a dropping of the entire scale reading. Thus, periodically checking the
zero point with an ice bath, or checking the water boiling point with a steam bath,
can ensure the accuracy of your thermometer. It is not necessary to recalibrate the
entire stem of the thermometer.

2.5.7 Thermometer Calibration
Steam bath calibration for the liquid-steam point of H2O is not easy for many labs
to use because of its expense, and the equipment is difficult to use. In addition, the
user needs to account for atmospheric pressure variations and the effects of local
variations of gravity on the barometer. Fortunately, the ice-point calibration is
easy to set up and use.

Any thermometer with 0.0°C on either its main or auxiliary scale can be cali-
brated with an ice-bath calibration apparatus that can be assembled with the fol-
lowing material:

1. A 1- to 1.5-liter Dewar flask, cleaned and rinsed with distilled water

2. Crushed ice made from distilled water

3. A (clean) siphon to remove excess melted ice

Fill the Dewar approximately one-third full with distilled water. Place the end of
the siphon tube to this level, and then fill the Dewar to the top with crushed ice.

The thermometer should be inserted so that the thermometer is immersed to the
0.0°C level (if calibrating a complete-immersion thermometer) or inserted to the
immersion line (if calibrating a partial-immersion thermometer). The thermome-
ter is likely to require support to maintain its proper position. Let the entire appa-
ratus sit for 15 to 30 minutes, to reach equilibrium. Periodically add more ice, as
needed, and remove any excess water with the siphon. If the ice is kept clean and
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tightly packed around the thermometer bulb and stem, it is possible to achieve
accuracy to within 0.01°C.

If you are concerned about accurately calibrating the entire scale of a particular
thermometer, it may be sent to the NIST for calibration for a fee. You will need to
contact the NIST for more information on that service. Once calibrated, any varia-
tions in the zero point should not significantly alter the corrected calibrations
along the scale.

NIST-calibrated thermometers are expensive, but very accurate tools. Unfortu-
nately, they require special use and maintenance to maintain their integrity. Not
only can abuse alter their calibration, but general use can as well. For example, if
you are using an NIST-calibrated liquid-in-glass thermometer on a regular basis,
an ice-point recalibration should be taken after each measurement. These varia-
tions should be added to the adjustments made to the corrected scale tempera-
tures.

2.5.8 Thermometer Lag
Liquid-in-glass thermometers require a finite amount of time to achieve a final,
equilibrium temperature. The time required can vary for individual thermometer
types depending on the diameter of the thermometer, the size and volume of the
bulb, the heat conductivity of the material into which the thermometer is placed,
and the circulation rate of that material.

For taking the temperature of a material that maintains a constant-temperature,
thermometer lag is only a nuisance. Most laboratory thermometers placed in a
75°C bath will come within 0.01°C of the final temperature within 19 to 35 sec-
onds of first contact. The time range is dependent on the type and design of the
thermometer.

When attempting to measure a changing temperature, the problem is more criti-
cal because you are limited to knowing what the temperature was, not is. Because
of the thermometer's lag time, you will be unable to know any specific tempera-
ture instantaneously. Thus, the greater the rate of temperature increase, the less a
thermometer is able to keep up with the temperature change. Interestingly enough,
if the temperature change varies uniformly, White found that any thermometer
lag is likely to be canceled because any rate of change will not have been altered.

2.5.9 Air Bubbles in Liquid Columns
Sometimes, because of shipping, general use, or sloppy handling, the liquid col-
umn of a thermometer will separate, leaving trapped air bubbles. Because of the
capillary size, it is difficult for the liquid to pass by the air space and rejoin. Some-
times such separations are glaringly obvious. Other times, the amount of liquid
separation is small and is difficult to see.

One technique for monitoring the quality of a thermometer is to use a second
thermometer for all measurements. Any disagreement between the temperatures
from the two thermometers may be caused by a problem as air breaks in the liquid
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columns. If both thermometers have breaks in their liquid columns, it is almost
impossible for them to agree across a range of temperatures. Detection of liquid
breaks is virtually guaranteed. Unfortunately, this technique will not identify
which thermometer is at fault.

There are two techniques for rejoining separated liquid ends: heating and cool-
ing. The option chosen will depend on the location of the break, as well as on the
existence and location of contraction or expansion chambers.

Generally it is better (and safer) to cool the liquid in thermometer than it is to
heat it. First, try to cool the thermometer with a (table) salt-and-ice slush bath.*
This method should bring the liquid into the contraction chamber or bulb. Once
the liquid is in the chamber or bulb, it should rejoin, leaving the air bubble on top.
If there is not a clean separation of the air bubble, it may be necessary to softly tap
the end of the thermometer. This tapping should be done on a soft surface such as
a rubber mat, stopper, or even a pad of paper. Alternatively, you may try swinging
the thermometer in an arc (such as a nurse does before placing it in your mouth)."
Once joined, the liquid in the thermometer can slowly be reheated.

If the scale or design of the thermometer is such that these methods will not
work, try touching the bulb end to some dry ice. Because dry ice is 38°C colder
than the freezing point of mercury, you must pay attention and try to prevent the
mercury from freezing. As a precaution, when reheating, warm from the top (of
the bulb) down to help prevent a solid mercury ice plug from blocking the path of
the expanding mercury into the capillary. With no path to expand into, the expand-
ing liquid may otherwise cause the bulb to explode.

An alternate technique to rejoin broken liquid columns is to expand the liquid
into the contraction or expansion chamber by heat. Be careful to avoid filling the
expansion chamber more than two-thirds full, as extra pressure may cause the top
of the thermometer to burst. Never use an open flame to intentionally heat any part
of a thermometer as the temperature from such a source is too great and generally
uncontrollable.

If the thermometer has no expansion or contraction chamber, heating the bulb
should not be attempted because there is no place into which the liquid may
expand to remove bubbles. Occasionally it may be possible to heat the upper
region of the liquid along the stem (do not use a direct flame; use a hot air gun or
steam). Observe carefully, and look for the separated portion to break into small
balls on the walls of the capillary. These balls may be rejoined to the rest of the
liquid by slowly warming the bulb of the thermometer so that the microdroplets

'This assumes that the location of 0°C is sufficiently close to either the bulb or the contraction cham-
ber; otherwise a different slush bath may be required.
fMedical thermometers have a small constriction just above the bulb that serves as a gate valve. The
force of the mercury expanding is great enough to force the mercury past the constriction. However,
the force of contraction is not great enough to draw the mercury back into the bulb. The centrifugal
force caused by shaking the thermometer is great enough to draw the mercury back into the bulb.
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are gathered by the expanding mercury. Once collected, the mercury may be
slowly cooled.

In addition to air bubbles in the stem, close examination of the thermometer
bulb may reveal small air bubbles in the mercury. Carefully cool the mercury in
the bulb until the liquid is below the capillary. While holding the thermometer
horizontal, tap the end of the thermometer against your hand (you are trying to
form a bubble within the bulb). Next, rotate the thermometer, allowing the large
air bubble to contact the internal surface of the bulb, capturing the small air bub-
bles. Once the small air bubbles are "caught," the thermometer can be reheated as
before.

IMPORTANT: Many states are limiting the use of mercury in the laboratory.
Such laws severely limit the use of mercury-in-glass thermometers despite the fact
that the mercury is isolated from the environment in normal use. Unfortunately,
the laws apply because a broken thermometer can easily release its mercury into
the lab. Fortunately, thermocouples (see Sec. 2.5.11) are relatively inexpensive,
and the price of controllers has gone down significantly—while the accuracy of
thermocouples and the ease of their use have gone up significantly. Thermocou-
ples should be considered as an alternative even if you are not receiving pressure
to reduce mercury use because of ease of use and robust design.

2.5.10 Pressure Expansion Thermometers
Gas law theory maintains that pressure, volume, and temperature have an interde-
pendent relationship. If one of these factors is held constant and one changes, the
third has to change to maintain an equilibrium. At low temperatures and pressures,
gases follow the standard gas law equation much better than they do at other con-
ditions [seeEq. (2.7)].

PV=nRT (2.7)

where P = pressure (in torr)

and V = Volume (in liters)

n = number of molecules

R = gas constant (62.4)

T = temperature (in K)

The typical pressure expansion thermometer is a volume of gas that maintains
the same number of molecules throughout a test. Because the volume, number of
molecules, and gas constant are all constant, any drop in temperature will subse-
quently cause a drop in pressure. Likewise, any rise in temperature will cause a
rise in pressure.

These thermometers are difficult to use, are sensitive, and require a great deal of
supporting equipment. They are typically used for the calibration of other (easier
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to use) thermometers. In addition, they are used to determine the temperatures of
melting, boiling, and transformation points of various materials. Because of their
limited use in the average laboratory, further discussion of pressure expansion
thermometers is beyond the scope of this book.

2.5.11 Thermocouples

Thermocouples are robust and inexpensive. Reading the temperature from a ther-
mocouple is invariably as easy as reading a controller's dial, liquid crystal, or
LED. The following commentary is intended to provide a basic understanding of
the operation of thermocouples and their limitations. If you have any questions
about the final selection of a thermocouple, controller, lead, and extension for any
specific type of job or desired use, contact a thermocouple manufacturing com-
pany because it will likely provide you with the best information on how to make
your system work.

Table 2.33 Thermocouple Types and Characteristics
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Iron - Constan-
tan (Cu-Ni)

Copper - Con-
stantan (Cu-
Ni)

Chromel -
Alumel

Temperature
Range (°C)

(Thermocouple)
(Extension)

0 to 750
0 to 200

-200 to 350
-60 to 100

-200 to 1250
0 to 200

Comments

Recommended for reducing atmosphere. Displays
poor conformance characteristics due to poor iron
purity. Above 538°C, oxidation of Fe in air is rapid
so heavy-gauge wire is recommended for extended
use. Should not be used bare in sulfurous atmo-
spheres above 538°C.

Recommended for mildly oxidizing and reducing
atmospheres as well as moist environments. Per-
forms very well at low temperatures and limits of
error are guaranteed in the subzero range, although
type E may be preferred due to higher emf. The cop-
per lead makes secondary compensation unneces-
sary.

Recommended for clean oxidizing atmospheres.
They can be used in reducing atmospheres, but they
should not be cycled from reducing to oxidizing and
back repeatedly. The higher temperature ranges can
only be achieved with heavy-gauge wires. They
should not be used in vacuums and should not be
bare in sulfurous atmospheres.

*LED stands for light emitting diode. These devices are the lighted numerals typically seen on digi-
tal clocks.
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Table 2.33 Thermocouple Types and Characteristics (continued)
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Chromel - Con-
stantan (Cu-
Ni)

Platinum - Plati-
num 10%,
Rhodium

Platinum - Plati-
num 13%,
Rhodium

Platinum - Plati-
num 30%,
Rhodium

Omega-P™
"Nicrosil" (Ni-
Cr-Si) -
Omega-N™
"Nisil" (Ni-Si-
Mg)

Tungsten -
Tungsten
26%, Rhodium

Tungsten 3%
Rhodium -
Tungsten
26%, Rhodium

Tungsten 3%
Rhodium -
Tungsten
25%, Rhodium

Temperature
Range (°C)

(Thermocouple)
(Extension)

-200 to 900
0 to 200

0 to 1450
0 to 150

0 to 1450
0 to 150

50 to 1700
0 to 100

-270 to 1300
0 to 200

0 to 2320
0 to 260

0 to 2320
0 to 870

0 to 2320
0 to 260

Comments

Recommended for vacuum use or for inert, mildly
oxidizing or reducing atmospheres. These thermo-
couples produce the greatest amount of emf and
therefore can detect small temperature changes.

Recommended for use in oxidizing or inert atmo-
spheres to 1400°C, although it may be brought to
1480°C for a short time. Most stable, especially at
high temperatures. Type S is used for standard cali-
bration between the antimony point (630.74°C) and
gold point (1064.43°C). Should only be used inside
nonmetallic sheaths such as alumina due to metallic
diffusion (from metal sheaths) contaminating the Pt.

Recommended for use in oxidizing or inert atmo-
spheres to 1400°C. although it may be brought to
1480°C for a short time. Should only be used inside
nonmetallic sheaths such as alumina.

These thermocouples are excellent for vacuum use.
The output between 0 and 50°C is virtually flat and
therefore is useless at these temperatures. The refer-
ence junction can be between 0° to 40°C. Should
only be used inside nonmetallic sheaths such as alu-
mina.

Similar to type K, but with improved oxidation resis-
tance at higher temperatures.

Useful in reducing or vacuum environments at high
temperature, but not for oxidizing atmospheres.

Useful in reducing or vacuum environments at high
temperature, but not for oxidizing atmospheres.

Useful in reducing or vacuum environments at high
temperature, but not for oxidizing atmospheres.

" Not ANSI designations.
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Junction 3
Junction 1

CM .

C
Voltmetermeter I V

Junction 2

Fig. 2.31 A simple diagram of a copper-constantan thermocouple.This illustration
is from The Temperature Handbook©1989 by Omega Engineering, Inc. All rights
reserved. Reproduced with the permission of Omega Engineering, Inc., Stamford,
CT 06907

In 1821 Thomas Seebeck discovered that when two different types of metal
wires were joined at both ends and one of the ends was heated or cooled, a current
was created within the closed loop (this current is now called the Seebeck effect).
Specifically, heat energy was transformed into measurable electrical energy.

Unfortunately, there is not enough current produced to do any work, but there is
enough to measure (1 to 7 millivolts). This rise in potential energy is called the
emf or electromotive force.

By hooking the other end of joined dissimilar wires up to a voltmeter and mea-
suring the emf (output), it is possible to determine temperature. Such a tempera-
ture-measuring device is called a thermocouple.

There are seven common thermocouple types as identified by the American
National Standards Institute (ANSI). They are identified by letter designation and
are described in Table 2.33. There are four other thermocouple types that have let-
ter designations; however, these four are not official ANSI code designations
because one or both of their paired leads are proprietary alloys. They are included
at the end of Table 2.33. Although Table 2.33 lists the standard commercially
available thermocouples, there are technically countless other potential thermo-
couples because all that is required for a thermocouple is two dissimilar wires.

At a basic level, it seems that one should be able to take any thermocouple,
attach it to a voltmeter, and determine the amount of electricity generated from the
heat applied to the dissimilar junction. Then the user could look in some predeter-
mined thermocouple calibration table* to determine the amount of heat that the
amount of electricity from that specific type of joined wires produces.

One of the negative complications of thermocouples is that they do not have a
linear response to heat. In addition, as temperature changes, thermocouples do not

'Thermocouple calibration tables have been compiled by the NIST and can be found in a variety of
sources such as the Handbook of Chemistry and Physics by the Chemical Rubber Company, pub-
lished yearly.
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produce a consistent emf change. Therefore, there must be individual thermocou-
ple calibration tables for each type of thermocouple.

If you look at a thermocouple calibration table, you will see that it has a refer-
ence junction at 0°C. This reference point is used because of an interesting com-
plication that arises when a thermocouple is hooked up to a voltmeter. To explain
this phenomenon, first look at one specific type of thermocouple, a type T (cop-
per-constantan design). Also, assume that the wires in the voltmeter are all copper.
Once the thermocouple is hooked to the voltmeter, we end up having a total of
three junctions (see Fig. 2.31):

Junction 1. The original thermocouple junction of copper and con-
stantan.

Junction 2. The connection of the constantan thermocouple wire to
the copper wire of the volt meter.

Junction 3. The connection of the copper thermocouple wire to the
copper wire of the volt meter.

We are hoping to find the temperature of Junction 1, but it seems we now have
two more junctions with which to be concerned. Fortunately, Junction 3 can be
ignored because this connection is of similar, not dissimilar, metals. Therefore, no
emf will be produced at this junction. Junction 2 presents a problem because it
will produce an emf, but of an unknown temperature; this means that we have two
unknowns in the same circuit, and we are unable to differentiate between the two.
Any voltmeter reading taken at this point will be proportional to the temperature
difference between the first and third junction.

If we take Junction 2 and place it in a known temperature, we can eliminate one
of the two unknowns. This procedure is done by placing Junction 2 (now known
as the reference junction) in an ice bath of 0°C (known as the reference tempera-
ture). Because the temperature (voltmeter) reading is based on an ice-bath refer-
ence temperature, the recording temperature is referenced to 0°C (see Fig. 2.32).

Junction 1

Junction 2
(Reference

temperature)
Junction 4 \^.^mj - ^ ^

IC6
bath

Fig. 2.32 A thermocouple using an ice bath for a reference temperature.This illus-
tration is from The Temperature Handbook©1989 by Omega Engineering, Inc. All
rights reserved. Reproduced with the permission of Omega Engineering, Inc.,
Stamford, CT 06907
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References for voltmeter/thermocouple readings (found in such books as the CRC
Handbook) will usually indicate that they are referenced to 0°C. Because Junc-
tions 3 and 4 are of similar metals, they have no effect on the emf.

This example is limited because it is representative only of thermocouples with
copper leads. In all other thermocouples, there are likely to be four dissimilar
metal junctions and therefore up to four Seebeck effects. However, by extending
the copper wires from the voltmeter and attaching them to an isothermal block,
placing the same type of wire from one of the thermocouple leads to the part
between the icebath and the isothermal block, and then attaching the thermocou-
ple wires to the isothermal block (to eliminate thermal differences at these two
junctions), it is possible to cancel out all but the desired Seebeck effect (see
Fig. 2.33).

It is obvious that the use of an ice bath is inconvenient and impractical. Main-
taining a constant 0.0°C temperature can be difficult, and there always is the pos-
sibility of the icebath tipping over. Fortunately there are two convenient
techniques to circumvent the need for an actual ice bath for thermocouple mea-
surements.

One approach requires measuring the equivalent voltage of the ice-bath refer-
ence junction and having a computer compensate for the equivalent effect. This
technique, called software compensation, is the most robust and easiest to use.
However, depending on the equipment used, the lag time involved for the com-
pensation may be unacceptable.

Alternatively, it is possible to have hardware compensation by inserting an elec-
tric current (typically from a battery) to provide a voltage which electronically
offsets the reference junction. This approach is called an electronic ice-point ref-
erence. This method has the simplicity of an ice bath, but is far more convenient to

Junction 3
Isothermal

Block

Junction 1

Fe

Junction 2
(Reference

temperature)

Ice

bath

Fig. 2.33 An iron-constantan thermocouple using an isothermal block and an ice
bath. This illustration is from The Temperature Handbook©! 989 by Omega Engi-
neering, Inc. All rights reserved. Reproduced with the permission of Omega Engi-
neering, Inc., Stamford, CT 06907
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Table 2.34 American Wire Gauge
Size Comparison Chart

AWGa

8

10
12

14

16

18

20

22

24

26

28

Diameter
(mils)

128

102

81

64

51

40

32

25

20

16

13

Diameter
(mm)

3.3

2.6
2.1
1.6
1.3

1.0

0.8

0.6

0.5

0.4

0.3
1 American Wire Gauge.

use. The major disadvantage is that a different electric circuit is required for each
type of thermocouple.

Ironically, the sophistication of modern controllers typically makes most of the
concerns about how temperature is determined irrelevant. The greatest concern for
the user is to select the right type and size of thermocouple for the specific job and
environment, then to select the proper controller for that type of thermocouple.

Although there are many overlapping temperature ranges among various ther-
mocouple types, all types of thermocouples perform better for some jobs than oth-
ers. For example, Type K is significantly less expensive than Type R, although
both thermocouples can read into the 1000°C range. This similarity would lead
one to believe that either choice is adequate, however Type K is preferred because
of its lower cost. If all you need are occasional readings of such temperatures, you
could get by with Type K. However, if you expect to do repeated and constant
cycling up to temperatures in the 1000°C range, Type K would soon fail and
would need to be replaced. Unfortunately, you are not likely to notice failure
developing until something has obviously gone wrong. Because the potential
costs of failure are likely to be greater than the additional cost of the more expen-
sive thermocouple, it may be more economical to obtain the more expensive type
R at the outset.

Sample size should also be considered when selecting thermocouple size. If a
large thermocouple (with a high heat capacitance) is used on a small sample (with
a low heat capacitance), the sample's temperature could be changed. As stated
before, the act of taking an object's temperature can change its temperature.
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Because thermocouples come with varying wire diameters (see Table 2.34), select
the thermocouple wire size best suited to measure your sample.

Be advised that the upper range of temperatures cited (within thermocouple cat-
alogs) for a given thermocouple are related to the larger wire sizes. Thus, a small-
wire thermocouple is likely to fail at the upper temperature ranges for that partic-
ular thermocouple type.

Environment also influences the selection of thermocouples. The condition of
the region where the thermocouple will be placed can be oxidizing, reducing,
moist, acidic, or alkaline, or it can present some other condition that could cause
premature failure of the thermocouple. Selection of the right type of thermocouple
can help avoid premature failure. Fortunately, there are sleeves and covers avail-
able for thermocouples that prevent direct contact with their various environ-
ments. These covers are made of a variety of materials, from metals to ceramics,
making selection of the right material easy. On the other hand, covers add to the
heat capacitance of the entire probe and therefore can slow thermocouple
response time; and because of a greater heat capacity, they are more likely to
affect the temperature of the material being studied.

2.5.12 Resistance Thermometers

In 1821, Sir Humphrey Davy discovered that as temperature changed, the resis-
tance of metals changed as well. By 1887 H.L. Callendar completed studies show-
ing that purified platinum wires exhibited sufficient stability and reproducibility
for use as thermometer standards. Further studies brought the Comite Interna-
tional des Poids et Measures in 1927 to accept the Standard Platinum Resistance
Thermometer (SPRT) as a calibration tool for the newly adopted practical temper-
ature scale.

Platinum resistance thermometers are currently used by the NIST for calibration
verification of other thermometer types for the temperature range 13.8 to 904 K.
In addition, they are one of the easiest types of thermometers to interface with a
computer for data input. On the other hand, platinum resistance thermometers are
very expensive, extremely sensitive to physical changes and shock, have a slow
response time, and therefore can take a long time to equilibrate to a given temper-
ature. Thus, resistance thermometers are often used only for calibration purposes
in many labs.

Platinum turned out to be an excellent choice of materials because it can with-
stand high heat and is very resistant to corrosion. In addition, platinum offers a
reasonable amount of resistivity (as opposed to gold or silver), yet it is very stable
and its resistance is less likely to drift with time. However, because it is a good
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conductor of electricity, the SPRT requires a sufficiently long enough piece of
platinum wire* to record any resistance.

One of the easiest ways to get a long piece of material in a small (convenient)
area is to wrap or wind the material around a mandrel. The typical mandrel used
on SPRTs is made of either mica or alumina. The sheaths covering the wrapped
thermometer may be borosilicate, silica glass, or a ceramic (see Fig. 2.33). Note
that both examples in Fig. 2.33 show four leads where, logically, there should be
only two. This is done to reduce any unwanted resistance from the region beyond
the thermometer.

An alternative approach to "loose winding" the wires is to form the platinum
wire and then flow melted glass around the wire to "lock" the wire in place. This
method protects the wire from shock and vibration. These resistance thermome-
ters are, unfortunately, limited to temperatures where the expanding platinum will
not crack the containment glass. To limit this occurrence, the expansion of the
platinum must closely match the glass around which it is wrapped. Resistance
thermometers of this design are more rugged, and therefore, they are more likely
to be used in the laboratory.

There are many challenges in the construction and use of resistance thermome-
ters, including:

1. The wire itself must be very pure; any impurities will affect the linearity
and reliability of the resistance change. The wire itself must also be
uniformly stressed, meaning that after construction, the wire must be
temperature-annealed to achieve uniform density. Uniform density
provides uniform resistance.

Fig. 2.34 Two different SPRT wrapping designs.

'Currently, about 61 cm of 0.075-mm platinum wire is typically used on resistance thermometers.
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2. When the wire is wound on the support device, it must be left in a strain-
free condition, as any strain can also affect the resistance of metals.
Because the platinum will expand and contract as the temperature
changes, it must be wound in such a manner that there is no hold-up
or strain. Even this strain could affect the resistance of the metal.

3. Although it is doubtful that a lab will make its own SPRTs, I mention
construction demands to impress upon the user the importance of
maintaining a strain-free platinum wire. Strain on the wire can be
introduced not only during construction, but also in use. The most
likely opportunities for wire strain are through vibration and bump-
ing.

4. The SPRT must not receive any sharp motions or vibrations. Such
actions can affect the resistance of the metal by creating strain. To
place this challenge in the proper perspective, consider a SPRT
rapped against a solid surface loud enough to be heard (but not hard
enough to fracture the glass sheath). The temperature readings could
be affected by as much as 0.001 °C. Although this variation may not
seem like much, over a year's time, such poor use could cause as

much as 0.1 °C error.19

Transportation of SPRTs should be as limited as possible. If you are shipping,
special shock-absorbing boxes are recommended. If you have an SPRT shipped to
you, keep the box for any future shipping needs and storage. Calibrated SPRTs
should be hand-carried whenever possible, to minimize shock or vibration. For
instance, you should not lay an SPRT on a lab cart for transportation down the
hall. The vibration of the cart may cause changes in subsequent temperature read-
ings.

Other precautions that should be taken with SPRTs include the following:

1. When SPRTs are placed into an apparatus, they should be inserted care-
fully, to avoid bumps and shocks.

2. Try to avoid rapid dramatic changes in temperature. A cold-to-hot
change can cause strains as the wire expands within the thermometer.
A hot-to-cold change can cause fracture of the glass envelope encas-
ing the thermometer, or of any glass-to-metal seals (which are struc-
turally weak). A hot-to-cold heat change can also cause a calibration
shift of the thermometer.

3. Thermometers with covers of borosilicate glass should not be used in
temperatures over 450-500°C without some internal support to pre-
vent deformation.

4. Notable grain growth has been observed in thermometers maintained at

420°C for several hundred hours.20 Such grain growth causes the
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thermometer to be more susceptible to calibration changes from
physical shock and therefore, inherently unstable.

There are several inherent complications in the use of SPRTs. One involves the
fact that an SPRT is not a passive responding device. What the SPRT records is
the change in resistance of an electric current going through the thermometer. The
mere fact that you are creating resistance means that you are creating heat. Thus,
the device that is designed to measure heat also creates heat. The resolution of this
situation is to 1) use as low a current as possible to create as little heat as possible
and 2) use as large an SPRT as possible (the larger the SPRT, the less heat gener-
ated).

Although an SPRT is not a thermocouple, an emf is created at the junction of
the SPRT's platinum wires and the controller's copper wires. Fortunately, this emf
is automatically dealt with electronically by the controller with the offset-com-
pensation ohms technique and can be ignored by the user.
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Joints, Stopcocks, and
Glass Tubing

3.1 Joints and Connections

The ability to assemble and disassemble apparatus components has been a long-
standing requirement in laboratories. The use of ground joints for this purpose is
not new, but standardizing the taper so that one piece from one lab can be attached
to another section of apparatus in another lab has only been in common use since
just after World War II. Currently, there are many standardized ways to join and
separate laboratory glass apparatus.

3.1.1 Standard Taper Joints
Standard Taper Ground Joints. These joints have the same taper throughout the
world. This taper, a 1:10 ratio, provides for the ground section to decrease in size

These male joints show the two areas that
are measured and which thereby identify
any Standard Taper " s " joint. These
pairs of numbers are always given in X, Y
coordinates. The first number (X) is the
widest part of the ground area. The second
number (Y) is the vertical length of the
ground section.

nid
Mid-length joints differ from full-length
joints only in their "Y" dimension. It is as if
the short end had been cut off. The
example to the left shows a regular and
mid-length joint.

Fig. 3.1 Full- and mid-length standard taper joints.
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(a) (b)
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(c) (d)

Fig. 3.2 Various types of inner joints.

one unit in width for every 10 units of length. These units are always in "mm" (see
Fig. 3.1).

Standard taper joints are used in matching inner and outer (also called male and
female) members. They are made in a variety of standardized sizes and shapes.
Figures 3.2 and 3.3 illustrate the shape variations available. In general, how a joint
will be used determines which joint design should be selected.

Inner Joints. Common varieties of inner joints are shown in Fig. 3.2.
Figure 3.2(a) is a standard full-length joint, the one most commonly seen in the
lab. Figure 3.2(b) has a small "drip tip" extended from the small end of the joint.
This joint is commonly placed on condensers to prevent distillate from coming in
contact with, and/or dissolving, stopcock grease. Figure 3.2(c) has an extended
drip tip that a glassblower can bend to aim the liquid flow, or seal to other pieces
of glass. The manufacturer adds these extensions during initial fabrication, before
the joint is ground to the proper taper. If a glassblower were to try to seal such an
extension onto a Type (a) joint, the distortion caused by the sealing action would
alter the taper of the joint, necessitating regrinding. Manufacturers also provide
joints that already have hooks for springs on them, as in (d).

Outer Joints. These joint also have a variety of forms (see Fig. 3.3). Both (a)
examples have heavy walls and can receive a moderate amount of physical abuse.
Example (b) has thinner walls on the ground joint section. Ribs are placed around
the joint for extra strength. Thin walls are important for experiments with large

u
(a) (b)

Fig. 3.3 Various types of outer joints.
(c) (d)
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The "old" style female joint
is very good to use with
two-finger clamps. It is not
neccessary to squeeze the
wing nut tightly to securely
hold the joint. Rather, the
bulb of the joint rests easily
on the clamp.

Fig. 3.4 Old style outer joint in a two-finger clamp.

temperature fluctuations that, in turn, might cause glass expansion or contraction.
Changes in glass size could cause separation of the inner and outer joints, thus
causing leaks. Example (c) is often referred to as an "old style" joint. It can easily
be identified by the small bulb just below the ground section. This bulb provides a
resting place for the joint on a two-finger clamp without requiring extra pressure
(see Fig. 3.4). The squeezing of a column to maintain position (when there is no
bulb to support the weight) is the exclusive cause of cracks on the sides of col-
umns. If the joint is not held vertically, the bulb can also cause a minor hold-up of
fluids. Example (d) shows outer joints with preattached hooks.

Standard taper joints are formed by a process called "tooling," which establishes
the physical form from a simple glass tube. After the joint is made, it is ground
using various grades of carborundum grinding compounds to achieve the proper
tapered smooth finish. In addition to the standard ground surface joint, Wheaton
Scientific Co. also makes a joint with a smooth polished glass surface. These
joints are known as Clear-Seal® joints. Instead of being ground, the joint is heated
until soft and then suctioned over a mandrel. The suctioning causes the glass to
collapse onto and conform to the mandrel shape.

Pool of
mercury

(a)
Outer mercury joint

Fig. 3.5 Examples of mercury joint seals.

(b)
Inner mercury joint
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Table 3.1 Comparison of ASTM Mid- and Full-Length
Joint Size to European Joint Size

ASTM
Standard Mid-

length

Width/Length

7/15

10/18

12/18

14/20

19/22

24/25

29/42

34/28

40/35

ASTM
Standard Full

Length

Width/Length

7/25

10/30

12/30

14/35

19/38

24/40

29/26

34/45

40/50

45/50

50/50

55/50

60/50

European Size
Joint

Width/Length

7/16

10/19

12/21

14/23

19/26

24/29

29/32

34/35

40/38

45/40

50/42

55/44

60/46

Wheaton Clear-Seal joints have the unique attribute that they do not need any
stopcock grease. However, they require very special handling and storage,
because any scratch can destroy their sealing abilities. Additionally, when joint
members are joined, special care must be taken to ensure that no paniculate mat-
ter lodges between the pieces. Such matter can prevent a proper seal, scratch the
sides of the members, and/or cause the members to jam or stick. Because no stop-
cock grease is used with Clear-Seal joints, it is more difficult to separate stuck
members.

Clear-Seal joints are mandatory when using diazomethane (CH2N2) as a methy-
lating reagent for carboxylic acids. Diazomethane is a toxic, irritating gas which
has the tendency to self-detonate. This self-detonation can occur when the diaz-
omethane is in either a gaseous or liquid state. It has been proven1 that rough sur-
faces (such as ground joint surfaces) can initiate such detonations. Thus, only
Clear-Seal joints should be used in diazomethane chemistry.

Mercury Seal Joint. This joints is no longer used for its intended purpose
because of improvements in joint manufacturing as well as safety concerns about
mercury in the lab. The mercury seal joint (see Fig. 3.5) was originally used to
provide leak-tight seals so that gases couldn't pass by ground joint seals. After the
ground glass joints were in place, a small pool of mercury was poured in the trap
to complete the seal.

The outer mercury joint is still commonly used by glassblowers who need to
seal tubing onto the ground end of an outer joint (for example, on a water-cooled
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Fig. 3.6 Sample of a water-cooled condenser using a mercury seal joint.

condenser where the joint also needs to be water cooled, as in Fig. 3.6). Without
the extension of glass, a seal of this type would distort the walls of the joint, mak-
ing it useless. This outer joint, therefore, provides the same advantage afforded by
extended drip tip inner joints (Fig. 3.2(c)).

European Joint Sizes. In Europe a different set of joint lengths are used than
what are common in North and South America. The European joints are just a bit
longer than the ASTM standardized midlength joints found in North America. See
Table 3.1 to see how these joints match up with standard and midlength joints.

Normally, laboratories in the America are not likely to encounter European
joints. However, it is possible to encounter a Standard Taper Joint that is neither
full nor midlength if one is doing joint research with European labs, or when
obtaining laboratory apparatus from European companies.

Because the taper (1:10) and the width are the same, it is easy to insert and use
European joints in any ASTM Standard Taper Joint. However, the European joint
will extend just beyond the midlength joint, and the full-length joint will extend
just beyond the European joint. Because of this mismatch, there is a greater
chance for stopcock grease to be exposed to materials within the containers. This
can be resolved by either being more judicial when applying the stopcock grease
(don't overdo it), using a Teflon sleeve, or changing one or the other joints to

Stoppers (solid or hollow) are all
measured on the width of the
ground section (X). This
measurement (in mm) is the size
(number) of the stopper. The length
is consistent for any given width.

Fig. 3.7 Stopper plugs.
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Table 3.2 Comparable Sizes of Standard Taper Joints and Stoppers

Midlength
Joint Size

Width/Length
7/15

10/18

14/20

19/22
24/25
29/26
34/28
40/35

Reagent Bottle
Stopper Number

Width (^Length)

14
16
19
24
29
34

(=20)
(=15)
(=22)
(=30)
(=35)
(=40)

45 (=47)

Flask
Stopper Number

Width (=Length)

8
9

(=10)
(=14)

13 (=14)

19
22
27
32
38

(=17)
(=20)
(=22)
(=22)
(=30)

match. A list of companies that sell North American and European joints are listed
in Appendix C.

The Stopper Plug. There are two types of ground stoppers: reagent bottle stop-
pers and flask stoppers. They have the same 1:10 taper as the joints previously
mentioned, however, they are listed by only one number based on their width
measurement (see Fig. 3.7). Both stopper types have a flattened disk above the
ground section for easy holding. Because the term "pennyhead stoppers" can refer
to either reagent or flask stoppers, a complete description of the stopper you want
is important for complete identification.

Reagent bottle stoppers are essentially the same size as midlength joints,
although their lengths are somewhat shorter. A size 14 stopper is the same size as
a 14/20 joint, and it can fit into a 14/20 female joint (see Table 3.2). Do not expect
a stopper plug to maintain a vacuum, however, unless the stopper is hollow. The
thinner walls of a hollow stopper will adjust to temperature changes better than a
solid plug, so there is less chance for the members to become separated due to the
expansion or contraction of the glass. In addition, only hollow stoppers are ground
to the standards required for vacuum components.

Flask stoppers come in widths (sizes) that are different from other joints and
stoppers; therefore, flask stoppers are not interchangeable with joints or stoppers
(see Table 3.2).

3.1.2 Ball-and-Socket Joints
Ball-and-socket joints are typically used when the union between apparatus pieces
is not linear. Ball-and-socket joints have a different type of measurement system
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The two numbers for standard ball joints
"vp " stand for A, the outside diameter
(O.D.) of the ground area, and B, the
inside diameter (I.D.) of the tube
connected to the ball joint.

The smaller the "B" number, the more
ground surface area (and therefore
greater vacuum potential). The greater
the "B" number, the greater the possible
angle of joint rotation while still
permitting acceptable gass flow (see
illustration below).

Note the small opening that is left with
a minor rotation of an 18/7
ball-and-socket joint.

Fig. 3.8 Ball-and-socket joints.

than standard taper joints (see Fig. 3.8). They cannot be used for significant (e.g.,
> 10'3 torr) vacuums, and they should not be relied upon for static vacuum envi-
ronments.

Ball-and-socket joints must be held together with either a metal spring type of
clamp (like a clothespin) or a semirigid plastic clamp. Because ball-and-socket
joints cannot be used without one or the other type of clamp, be sure to include the
right-size clamp when ordering apparatus that have ball-and-socket parts, if they
are not otherwise supplied.

The clamp size required for ball-and-socket joints is identified from the outer
diameter measurement. Thus, a size 18 clamp is used for either an 18/7 or an 18/9
size O-ring joint.

3.1.3 The O-Ring Joint

The O-ring joint (see Fig. 3.9) has no ground sections, and as opposed to other
joint types, both members of an O-ring joint are identical. For sealing, O-ring
joints require placing an O-ring, made from some polymer material (see Sec. 1.4),
between the joint members, which are held together by the same type of "clothes-
pin" clamp used with ball-and-socket joints.*

Because clamp identification numbers are derived from their relationship with
ball-and-socket joints, there is no relationship between which size clamp should
be used with which O-ring joint. There is no one-to-one relationship with O-ring
joints and ball-and-socket joints; one clamp size is likely to fit several different

"The one-piece plastic clamp used with ball-and-socket joints will not work with O-ring joints.
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Table 3.3 O-ring and Clamp Sizes for O-ring Joints

O-Ring Joint
5

7

9

15

20

25

41

52

115

O-Ring Size
110

111

112

116

214

217

226

229

341

Clamp Size
12

18

18

28

35

35

65

75

102

size O-rings joints. Table 3.3 provides the recommended O-ring and clamp sizes
for respective O-ring joints. Like ball-and-socket joints, be sure to order the
appropriate size clamp when ordering apparatus with O-ring connections.

O-ring joints can easily be used with vacuum systems (<10~7 torr) and are par-
ticularly useful for quick-release connection. Occasionally it is necessary to leave
a thin film of stopcock grease on an O-ring's surface to either help the vacuum
capabilities of the joint, or to protect the O-ring's surface from the effects of a sol-
vent.

3.1.4 Hybrids and Alternative Joints
A hybrid O-ring/ball joint (see Fig. 3.10) is available. This joint has the vacuum
capabilities of the O-ring joint along with the variable angle abilities of a ball-and-
socket joint. Typically, the socket side of an O-ring joint is ground and an O-ring
cannot achieve as good a vacuum as it could against a non-ground surface.
Because of this, some manufacturers are supplying unground sockets for use with
O-ring ball joints. Regardless of the type of socket used, because this design does
not require stopcock grease, it can be used in conditions where a connection

The size of the O-ring has no
direct relationship to the size
of the O-ring joint.

O-ring joints are measured by only one
measurement: the I.D. of the passageway
through the joint in mm (the I.D. of the tube
connected to the joint is sometimes a bit
larger than the "A" measurement).

Fig. 3.9 The O-ring joint.
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(a)
Area that is likely to hold up liquids.

Fig. 3.10 The O-ring ball joint without the O-ring in place (a), and the hold-up it
can create (b).

would otherwise be impossible. Unfortunately, there may be liquid holdup within
such a joint.

There are occasions when a solvent must remain in contact with a connection
for several days and the connection must maintain a vacuum. Depending on the
nature of the solvent, standard grease and most O-rings cannot be used in these
situations.

An alternate solution to complications with long-term solvent contact with CD-
ring polymers is the Solv-Seal joints by Andrews Glass Co. Inc. These joints seal
together with a double-ringed Teflon seal (see Fig. 3.11) within a specially
designed glass joint. Although there is a Viton O-ring within the Teflon sealing
unit, the O-ring is used as backup protection. The primary containment for the
material within the system is the Teflon.

3.1.5 Special Connectors

There are several special connectors that provide "demountable" connections
between glass to glass, glass to metal, or metal to metal. These connectors provide
many advantages over standard connections.

Swagelok® fittings (see Fig. 3.12) are used to connect metal tubes to metal
tubes. These fittings, which provide permanent connections on metal tubing, are
not meant for use on glass. These connectors have a pair of small metal ferrules
(like a collar), one of these ferrules tightens around a metal tube as the Swagelok
nut is tightened, while the other is a washer. The tightened ferrule is permanently
attached to the metal tube and cannot be removed. It provides a leak-tight fit that
can be used in high-vacuum or high-pressure conditions.

Fig. 3.11 Solv-Seal joints. The Solv-Seal joint, from the Lab Crest Product line, is
made by Andrews Glass Co. Inc, reproduced with permission.
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Fitting nut

J L-*v*v\^£sa_.

Fitting body
Front ferrule Back ferrule

Fig. 3.12 The Swagelok® fitting. The illustration of a Swagelok® Fitting is used
with permission of Swagelok Co., Solon, Ohio 44139. The illustration was sup-
plied by the Swagelok Co.

Swagelok fittings are made in a wide variety of styles, connections, and sizes.
They are especially useful when connecting copper tubing for delivering nitrogen
gas to various systems around a lab, or when making connections for extension
tubes on metal high vacuum systems.

Cajon® Ultra-Torr® fittings are similar to Swagelok fittings except they are
reusable and can be used on metal as well as glass and plastic (see Fig. 3.13).
Instead of a metal ferrule, there is an O-ring that imparts a leak-tight seal. They
are made in a wide variety of styles and sizes. Unlike Swagelok® fittings, Cajon
Ultra-Torr fittings cannot be baked out for ultra high-vacuum work.

If you are going to connect a Cajon Ultra-Torr fitting to glass, first verify
whether the fitting is metric or not. If the fitting is nonmetric, use the appropriate
type of tubing. Medium and heavy wall tubing are both made in English sizes, but
are identified in metric numbers (see Table 3.9 and Table 3.10). Because glass
tubing has variations in O.D. tolerance (see Sec. 3.4.2), pretest the fitting before
you commit yourself to any construction. This pretesting can be done by simply
ensuring that the Ultra-Torr® tightening nut can slip over the tube. Because glass

O-ring
Fitting nut

Sleeve

Fig. 3.13 The Cajon® Ultra-Torr® fitting.This illustration of a Cajon® Ultra-Torr®
Fitting is used with permission of Swagelok Co., Solon, Ohio 44139. The illustra-
tion was supplied by the Swagelok Co.
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I )
T \

Plastic
screw caps

O-Ring 0
Attached to a

standard taper joint
Internal threads External threads

Fig. 3.14 Several generic designs of glass-threaded connections.

has no macroscopic compressional abilities, do not force a Cajon fitting onto
glass. If it does not fit, select another piece of glass that does fit.

There is a glass variation of the Cajon fitting design available from several glass
industry sources. These variations go under a variety of names (depending on the
manufacturer), but are typically under the classification of glass-threaded connec-
tions (see Fig. 3.14). There are adapters made with a threaded connection on one
end and either (a) a glass tube ready to be attached to some glass apparatus or (b)
a standard tapered joint on the other, made out of glass or Teflon. These connec-
tors can be used (for example) to support thermometers within a flask.

Glass-threaded connectors can be used for limited vacuum operations. How-
ever, there often is nothing to stop the inserted tube from being sucked in unless
there is some step in the fitting or ridge on the tube. Cajon Ultra-Torr fittings typi-
cally have an internal step to prevent the inserted tube from being sucked in dur-
ing vacuum operations. Because glass-threaded connections seldom have such an
internal step, the glassware needs to be altered by adding a bulge (also called a
maria) to the tube by a glassblower (see Fig. 3.15). Alternatively, a glassblower
may be able to form (depending on the apparatus configuration) a step on the
inside of a connector to prevent inward motion of an inserted tube (see Fig. 3.16).

The advantages of glass-threaded connections are that they allow easy connec-
tions to be made and, disassembled, require no grease.* Additionally, there is lit-
tle, if any, chance of two pieces seizing. The disadvantages are that they may not

Maria

Tubing cannot move in anymore due to the maria.

Fig. 3.15 Internal motion of the inserted tube is blocked by the addition of a maria.
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Step

Q

Tubing cannot move in anymore due to the step.

Fig. 3.16 Internal motion of the inserted tube is blocked by the addition of an inter-
nal step.

be ideal for high-vacuum work, pieces can wiggle around, and you need to be
careful about the materials that come in contact with the particular O-rings being
used.

3.2 Stopcocks and Valves

3.2.1 Glass Stopcocks
The stopcock is more than just an on/off valve because it may also be used to
direct liquid or gas flow through a system. In addition, depending on their design,
stopcocks have limited-to-excellent ability to vary gas or liquid flow rates. Stop-
cock size is identified by the size of the hole through the plug. The internal diam-
eter of each arm is likely to be much larger than the size of the plug hole and
should not be used for stopcock size identification.

Like the ground joint, glass stopcocks are made in a 1:10 taper. Interchangeabil-
ity of new plugs and barrels (a plug from one stopcock placed in a like-sized bar-
rel) used to be a standard feature by all manufacturers. Currently not all
manufacturers guarantee interchangeability of new plugs and barrels. Talk with a
glassblower, or your supplier, about the interchangeability of any particular brand.
Even with brands that claim interchangeability, older or well-used stopcocks are
less likely to be interchangeable because of uneven wear during use. Therefore,
look for potential leaks when placing a new plug within an old.

To verify if a stopcock plug and barrel are a good match, assemble the pieces,
then sight down the inside of a side arm to see how well the holes align. Misalign-
ment may be minor, causing a slight decrease in potential flow, or may be so great
that nothing can pass through (see Fig. 3.17)

The primary difference between a regular and a high-vacuum stopcock is the
final grind. Stopcocks and joints are ground (lapped) with abrasive compounds

A small film of grease on the O-ring can ease sliding the O-ring onto glassware and help provide a
better vacuum seal.
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If the plug is too
small, the plug hole
will not align with the
barrel hole.

Only when the plug
is ground the proper
amount will the plug
hole and barrel
holes align

If the plug is too
large, the plug hole
will not align with the
barrel hole.

Fig. 3.17 Plugs of the wrong size can prevent flow in a stopcock.

just as rocks are ground in lapidary work. The finer the grade of grinding com-
pound, the smoother the finish on the ground (lapped) surface. The smoother the
finish on the glass parts, the easier they will slide past each other when rotated.
Joints can be used for high-vacuum purposes without the same degree of grinding
because they are not rotated.

Vacuum stopcocks are not meant to be interchangeable. Each plug and barrel
receive their final grind together, and therefore they are mated for life. To prevent
mismatching a plug and barrel set, numbers and/or letters are inscribed for each
stopcock on the handles of the plug and on the side of the barrels (see Sec. 3.3.1).
Aside from alignment problems, cross-matched plugs and barrels of high-vacuum
stopcocks may leak or jam when rotated.

A simple, basic two-way glass stopcock (shown in Fig. 3.17) will have a single
hole drilled through a solid plug. The arms are straight and placed 180° from each
other. The plug is typically held in place by a rubber washer or metal clip at the
small end. This stopcock design is easy to make and is inexpensive. The usual
problems that arise from this type of stopcock are as follows:

1. Dirt can collect on the grease and work its way into the plug's hole.
From there the dirt can eventually wear a groove on the inside of the
barrel. This groove, leading from one arm to another, can eventually
become great enough to prevent a complete seal when the plug is
rotated to the "off' position.

2. As stopcock grease becomes old and/or cold, it becomes brittle, and
rotation can cause a "shear"-type break, allowing the plug to be free
from the barrel.
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Oblique bore (a) (b)

Fig. 3.18 Standard and vacuum designs of an oblique two-way stopcock.

By setting the two arms oblique to each other on the barrel and having a hole
drilled diagonally in the plug (Fig. 3.18), two advantages are achieved:

1. If the first of the above problems arises, the grooves will not line up with
the opposite arm and potential leakage is reduced considerably.

2. This configuration allows only one position (in 360° of rotation) for
material flow.

As mentioned in Sec. 1.1.5, which discussed different types of glass, glass
expands or contracts with temperature. Thin glass does not expand (or contract)
the same relative amount as thick glass under the same conditions. Because of this
difference, all vacuum stopcocks have hollow plugs so that the plugs may expand
and contract at the same relative amount as the barrels. Thus, when there is a drop
in temperature, the plug will not loosen by contracting a greater amount than the
barrel. Likewise, if there is a sharp rise in temperature, the plug will not jam
within the barrel by expanding a greater amount within the barrel. This quality

uPPe r

oblique
arm

Oblique

L
B o r e d ^ * " ^

h 0 l e

(b)
plug

Vacuum

side

Vacuum
side

When the plug is rotated so the
System bored hole faces the vacuum

side direction (the lower arm), a
vacuum is pulled from inside
the barrel.

System
sids

t h e p | u g j g r o t a t e d t h e

other way, a passage is made

through the two (oblique) arms.

Fig. 3.19 How to evacuate the vacuum bulb of a vacuum stopcock.
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Offset design L design

Fig. 3.20 The offset and "L" design of two-way vacuum stopcocks.

can be critical if an experiment or environment has rapid temperature changes.
Figure 3.18(a) shows a solid plug. The holes in solid plugs are drilled.
Figure 3.18(b) shows a hollow plug. The hole in a hollow stopcock plug is a glass
tube sealed obliquely within and later ground to fit the barrel. This inner tube pro-
vides the passageway for gases* through the hollow plug.

Oblique arm stopcocks are not immune from "shear" breaks caused by cold or
old stopcock grease. Because an accidental rush of air into a vacuum system can
cause damage to the system or destroy oxygen sensitive materials within the sys-
tem, vacuum stopcocks have a design feature to prevent accidental removal of the
plug from the barrel. The stopcock design shown in Fig. 3.19 demonstrates how a
vacuum stopcock uses a vacuum to secure its plug from slipping out of the barrel.
The bottom of the barrel is closed with a bulb [see Fig. 3.19(a)]. A hole is bored
opposite the low opening of the oblique tube [see Fig. 3.19(b)]. Aligning the hole
with the lower oblique arm of the stopcock [see Fig. 3.19(c)] creates a passage for
the vacuum that holds the plug securely in the barrel. A 180° rotation from this
position is the "open" position for this stopcock [see Fig. 3.19(d)]. The only way
to separate the plug from the barrel is to release the vacuum from inside the stop-
cock by rotating the bored hole toward the lower oblique arm when no vacuum is
present.

Figure 3.20 shows two different alignments of the same type of stopcock. This
plug design is simpler, and therefore it is somewhat less expensive. There is no
advantage of the "offset" design to the "L" design. The choice depends on how
your system is built—that is, whether the "offset" design or the "L" design stop-
cock physically fits better into your given system or apparatus. With these stop-
cocks, the vacuum of the system holds the plug in continuously. However, once
the system loses its vacuum, its ability to hold the plug is lost as well.

3.2.2 Teflon Stopcocks
Teflon stopcocks provide excellent alternatives to standard glass stopcocks
because no grease is required. They can be used in distillation systems where
organic solvents, UV radiation, or oxidizing gases would normally make using a
glass stopcock impossible. This advantage does not come without some cost
because Teflon stopcocks are generally more expensive than standard glass stop-

Vacuum stopcocks are not intended for liquid transport use.
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Locking nut

O-ring
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The Teflon stopcock has a 1:5
taper on its plug to be within the
guidelines of" <P," known as
Product Standard.

Fig. 3.21 Proper orientation of the parts of a Teflon stopcock.

cocks. The Teflon stopcock design looks essentially the same as its glass counter-
part. However, it is not possible to take a Teflon plug and use it with a standard
stopcock because Teflon stopcocks are made with a 1:5 taper rather than the 1:10
taper of glass. Because Teflon flows, or "creeps," it is likely to stick at a 1:10 taper
by flowing into the arm holes, but far less likely to stick at a 1:5 taper. Teflon stop-
cocks with a 1:5 taper follow ASTM guidelines and are known as Product Stan-
dard.

There was a period of time when some Teflon stopcocks were made with 1:7
tapers, but this line was discontinued. I mention this point because some of you
may have found one of these stopcocks and are having difficulty finding a replace-
ment plug or are frustrated by trying to fit an old 1:7 plug in a new 1:5 barrel. The
taper variations are small and subtle, so it is easy to confuse the two. Because the
1:7 taper design is no longer made, it is recommended that you phase any pieces
with that design out of your lab.

The Teflon stopcock has more pieces (see Fig. 3.21) than the glass stopcock,
and often the pieces are assembled in the wrong order. Inserting the plug into the
barrel provides no challenges, but the white and black washers invariably get
inverted. Each piece serves a specific function for the successful operation of the
Teflon stopcock: The white washer helps everything on the plug shaft rotate
together when the plug is turned; the colored locking nut helps maintain a certain
amount of tension on the plug; and finally, the black washer (O-ring) serves as a
lock washer to prevent the locking nut from rotating itself off the threaded section
of the plug.

If the lock washer is placed on the plug shaft before the white washer, the
washer's friction will grab the surface of the barrel and tend to make everything
past the black washer not rotate while the plug is turned, causing the plug to
tighten when rotated clockwise and loosen when rotated counterclockwise.

The white washer has a flat side on the hole through the center to maintain its
nonslip position on the plug. Occasionally, the flat spot on the white washer
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Plastic cap
with internal threads

External threads
on end of —.

glass barrel

Build up of

the glass wall

Fig. 3.22 The rotary valve operates by rotating a plastic cap. The rotational
motion of the cap is translated into linear motion on the Teflon shaft. When the
shaft is inserted all the way into the glass barrel, the tip of the shaft pushes
against a buildup of glass and stops fluid motion. The O-rings on the shaft pre-
vent leaks past the cap.

becomes worn round, or a groove is worn into the threaded section of the plug.
Either of these effects causes the washer to not rotate with the plug and is the
same as switching the positions of the black and white washer. Replace the
washer or plug if either are worn.

3.2.3 Rotary Valves
Standard Teflon stopcocks cannot be used for any vacuum work. A completely
different design from those discussed thus far is required for a Teflon vacuum
stopcock. This design is shown in Fig. 3.22 and is called a rotary Teflon valve. It is
called a valve instead of a stopcock because its operation and design is similar to
those of a metal designed valve.

There are many designs of rotary valves: Some have externally threaded glass
barrels, others have internally threaded barrels; some have exposed O-rings, oth-
ers have covered O-rings, and some have no replaceable O-rings. Regardless, they
all work with the same operational technique. Rotating cap motion translates into
vertical motion on a central shaft, which rides up and down to open or close a
pathway.

When closing a metal valve, it is customary to rotate the valve until it cannot be
rotated anymore. Then you must give it a final twist to make sure it is closed tight.
This extra twist should never be done with glass rotary valves. These valves can-
not withstand the same forces as metal valves, nor is it necessary to use such force
on a glass rotary valve. Glass is likely to break if too much torque is applied to the
cap. Fortunately, because you can see through glass, it is easily possible to see if
the shaft is closed against the barrel. This closed position is shown in Fig. 3.23 on
the walls of the barrel with a "wet" mark.
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The Teflon shaft with and without
an O-ring on the end.

You can see when the rotary valve is
closed when you can see the "wet" mark on

the wall of the barrel.

Fig. 3.23 The rotary valve plug with and without an O-ring on the end on the left,
and the shaft showing "wet" marks on the right.

Both Fig. 3.22 and Fig. 3.23 show O-rings on the Teflon shaft. Some manufac-
turers cover these O-rings with Teflon so that the rotary valve can be used with
solvents that might otherwise destroy the O-ring. Others have "fins" that sweep in
front of the O-ring to prevent solvents from contacting the O-ring.

Although all vacuum rotary valves have O-rings along the side of the shaft,
some have O-rings at the end as shown in Fig. 3.23. This design has advantages as
it provides a better quality seal without over tightening. The reason is simple: The
same force applied over a small area will have a greater pounds-per-square-inch
pressure than that applied over a large area.* With an O-ring at the end, it is possi-
ble to obtain much more force without having to bear down on the barrel and risk
breaking the stopcock.

All Teflon stopcocks and valves must remain free of particulate contamination
so the surface will not be scratched or damaged. Any abrasions, or distortions, of
the central shaft are likely to be leak sources. In addition, do not place any filled
container closed with a Teflon stopcock (or valve) in a refrigerator. Just as Teflon
expands in heated environments, it contracts in cooled environments. Thus, what
was a good seal at room temperature may leak in a cold environment. Do not try
to compensate for the cold temperature by overtightening the shaft for two rea-

Fig. 3.24 General designs for rotary valves.

'This amount is analogous to the pressure exerted by spiked heels vs. running shoes on a sidewalk.
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Open

Fig. 3.25 Inlet Valve Chem Cap™. The Inlet Valve Chem Cap™ is from Chem-
glass Co. Inc., Vineland, N.J. 08360. Reproduced with permission.

sons: One, it probably will not prevent a leak, and two, when it is removed from
the cold environment, its expansion may break the apparatus.

Although the specific design of a valve varies between manufacturers, rotary
Teflon valves are almost always a variation of the inline and right-angle designs
shown in Fig. 3.24. Although the rotary design may be restrictive, it has provided
new possibilities for valve design such as the Inlet Valve Chem Cap™ (shown in
Fig. 3.25), which is designed for medium vacuum system use (up to approxi-
mately 10"4 torr). The Chem Cap™ does not have a second or third arm as is cus-
tomary with just about all other stopcocks because the transmission of gas is
through the Teflon shaft itself. This stopcock can be used in place of a standard
glass vacuum stopcock for grease free operations where a standard Teflon stop-
cock could not be used because of its inability to maintain a vacuum.

Another advantage of the rotary valve design is apparent when an extension
from the end of the shaft is added and the valve becomes a needle valve. It can
then permit fine control for the release or addition of materials (see Fig. 3.26).

Rotary Teflon valves have greater initial costs than comparable vacuum glass
stopcocks. However, due to their lack of maintenance needs, as well as not requir-
ing any stopcock grease, their long-term expense can be considerably less than
that for standard vacuum stopcocks. However, because Teflon stopcocks or valves
require a limited temperature environment, all glass stopcocks will always remain
in demand.

3.2.4 Stopcock Design Variations
All of the above designs are called two-way stopcocks because there are two
arms, or connections, to the stopcock. Two-way stopcocks typically are open/
close valves with no proper orientation. The exception for this statement are the
stopcock designs shown in Figures 3.18, 3.19, and 3.20, which require a specific

Fig. 3.26 A close-up of the end of the Teflon shaft with a needle valve extension.
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Fig. 3.27 Different designs of the three way stopcock, with the barrel on the left
and a side view or crosssection of the plug on the right.

orientation of the plug to the stopcock to evacuate the inside. There are no orienta-
tion requirements for rotary valves.

Stopcocks with three arms are called three-way stopcocks. Five of the most
common three-way glass stopcock designs are shown in Fig. 3.27. Represented
are the barrel and plug cross sections (or end views) of three-way stopcocks. The
three-way stopcocks (a), (b), and (e) are available in solid plug, Teflon, and high-
vacuum designs. The (c) and (d) designs are exclusively for vacuum systems and
are currently difficult to find. Because of their design, rotary valves can only have
two arms. It is possible to creatively place two of them together in a three-way
alignment, however. An example of a three-way rotary Teflon valve configuration
is shown in Fig. 3.28.

3.3 Maintenance and Care of Joints,
Stopcocks, and Glassware

3.3.1 Storage and Use of Stopcocks and Joints
So much depends on the proper performance of stopcocks and joints that they
should be treated with the same care, and consideration, as an optical lens. If your
chemicals are stored in a volumetric flask, or held within a storage container by a

\J
Fig. 3.28 A three-way Teflon rotary valve.
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stopcock, the material becomes worthless if you lose access to it because of a fro-
zen stopper or stopcock.

Most occurrences of stuck stopcocks and joints can be prevented by proper stor-
age, preparation (of the item to be used), application of grease (if required), and
proper use. All of these points may seem obvious, but regrettably they are seldom
executed. The greatest disasters I have seen from stuck stopcocks and joints
occurred not from the original jammed piece, but rather from inexperienced
attempts at separating the members, which often make it impossible to follow
through on other separation approaches. For information on how to prevent joints
and stopcocks from sticking, see Sec. 3.3.6. For a comprehensive list of stuck
stopcock and joint separation techniques, see Sec. 3.3.7.

When putting items away for storage, the apparatus should be cleaned of all
grease and then thoroughly cleaned so that all items are ready for use at all times.
Glassware should never be stored dirty with the intent to clean a piece before use.*
In addition, dried grease and dirt often cause stopcocks and joints to stick. Finally,
apparatus should be stored with all pieces assembled (note precautions in Sec.
3.3.2 and Sec. 3.3.3).

Stopcocks. After a stopcock has cleaned, a small slip of paper (measuring about
6 mm by 50 mm) should be inserted between the plug and barrel to prevent jam-
ming (see Fig. 3.30). You may remove solid plugs and store them separately, but
this storage is generally not recommended as it may cause future problems. For
example, many manufacturers guarantee that their plugs are interchangeable. If
the plugs are not interchangeable, the hole of the plug will not align with the holes
of the stopcock. However, not all manufacturers are as good as their claims.
Regardless, plugs from one manufacturer seldom fit the barrels of another. If you
have stopcocks from Kimble, Kontes, Corning, and Ace (to name a few) and do
not wish to deal with trying to match plugs with barrels (and then try to match
alignment, if necessary), store matched sets with a paper slip between the barrel
and plug and be sure to match the plug and barrel with their respective code num-
bers.

Vacuum Stopcocks. Hollow plugs (with or without an open end) always indi-
cate vacuum and should always be kept with their respective barrels. Vacuum
stopcocks should never be stored with their plugs separated from their mated bar-
rels. On the side of a plug and barrel is a numeric or an alphanumeric code that is
used to match the two units. All high-vacuum stopcocks receive the final grind of
the plug and barrel together, making them matched and individual. You should
never cross-match high-vacuum stopcock parts, even if they seem to fit. If one or
the other parts should be lost or broken, replace the entire unit. For storage, slip a

*It is always more difficult to clean glassware that has sat for a period of time than it is to clean
glassware that is recently soiled.
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Teflon flow
Locking Nut

Fig. 3.29 If the locking nut is left too tight, the Teflon will flow (over time) into the
holes of the barrel.

piece of paper (about 6 mm x 50 mm) between the plug and barrel, then support
the two parts together with a rubber band as shown in Fig. 3.30.

Teflon Stopcocks. Teflon stopcocks should never be stored with the locking nut
tightened. Teflon flows under pressure, and such pressure could squeeze the plug
up and into the holes of the barrel (see Fig. 3.29). Teflon plugs are tapered at a 1:5
ratio rather than the 1:10 ratio of glass stopcocks to help relieve some of these
pressures.

If the barrel of a Teflon stopcock was designed too thin and the locking nut is
left on too tight, any increase in temperature causing the Teflon to expand may
cause the barrel to crack open into pieces.

The order of the washers on Teflon plug is important. As described in the previ-
ous section, after the plug is inserted in the barrel, the first piece to go on is the
plastic washer, followed by the O-ring, which acts as a lock washer. The final
piece to go onto the plug is the locking nut.

The hole through the plastic washer is not round; rather, it has a flat part on the
hole (some manufactures use two parallel flat sections). This flat section matches
a flat section on the threaded part of the Teflon plug and keeps the washer, O-ring,
and locking nut as a unit to rotate with the plug when it is rotated. If this flat part
wears round, the washer, O-ring, and locking nut do not rotate with the plug as it
is turned. The result of this condition is that when the plug is rotated clockwise
(CW), the locking nut (which is not rotating) tightens onto the plug. When the
plug is rotated counterclockwise (CCW), the locking nut loosens from the plug.
The occurrence of this phenomenon could be either just annoying or disastrous.

Teflon Rotary Valves. Teflon rotary valves should also be stored with the plug
in place. The primary danger is to the plug which, if scratched, becomes worth-
less. The plug should be left screwed into the barrel, but never to the closed posi-
tion. If the plug is screwed too tightly into the closed position, it is likely to place
too much pressure on the threaded part of the Teflon, which, due to Teflon flow,
will flatten out rendering the plug useless.

Round-Bottom Flasks, Pennyhead Stoppers, Plugs, and Other Loose Items.
Many items are stored in drawers and (as the drawer is opened and closed) can
bang around. This situation applies especially to round-bottom flasks, which are
hard to prevent from rolling around. When these flasks bang around, star cracks,
or flaws for future fracture, are created. For round-bottom flasks, Erlenmeyer
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Rubber band

Fig. 3.30 When storing a high-vacuum stopcock, use a rubber band to secure the
plug onto its respective barrel.

flasks (on their sides), and other glass items that can roll, line the drawer with soft,
irregular surface materials (like bubble pack), and, if possible, place cardboard
dividers between the pieces. Finally, identify on the outside of the drawer what
size flasks are stored within to limit the amount of opening and closing required.

Small, loose items, like pennyhead stoppers, should be stored by size and type
in small boxes in a drawer. Occasionally you may have extra glass plugs from
glass stopcocks (i.e., from broken burettes). These plugs also should be stored by
size and type in small boxes in a drawer. Do not store Teflon stopcock plugs with
glass stopcock plugs because the glass may scratch the Teflon leaving it worthless.
Wrap Teflon plugs in a tissue and then mark the tissue with its contents to help
protect the surface of the plug as well as let people know the tissue's contents.

Cold Traps and Apparatus. Items like cold traps should be stored as complete
units to protect the inner tubes. A small slip of paper (measuring about 6 mm by
50 mm) should be inserted between the inner and outer joints to prevent jamming.
If there are hooks, use a rubber band or springs to hold the parts together. If not,
use masking tape to hold the parts together (see Fig. 3.31). Unfortunately, mask-

Insert a slip of
paper to prevent
the joints from

A sticking.

Use rubber bands,
springs, or tape to hold
cold traps together for

storage.

Fig. 3.31 Proper storage of apparatus will not only protect the joints, but will also
protect any internal glassware that could otherwise be broken.
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ing tape ages and loses its sticking abilities. Any remaining glue from old masking
tape can be removed with acetone.

3.3.2 Preparation for Use
Any dust, fibers, or particulate material between the inner and outer members of a
joint or stopcock can cause jamming and/or excessive wear on glass or scratch
Teflon.

If you examine the cleaned plug from an old burette's stopcock (especially one
from a freshman chemistry lab), you will see a lot of scratching and wear on either
side of the hole. This wear is caused by particulate matter collected in the hole
(see Fig. 3.32). In time, this wear circumscribes the entire plug, causing a leak
that nothing can stop save replacement of the entire stopcock. Frequent cleaning
(often not provided to freshmen chemistry burettes) can prevent unnecessary wear
and subsequent problems.

All glass stopcocks and joints should have both inner and outer members wiped
with a clean Kimwipe® before use to remove any particulate matter. In addition, to
remove any fingerprints or other simple greases, a simple glass cleaner can be
used to clean the glass. Rinse with water followed by a distilled water rinse.
Ground sections of high-vacuum pieces should not be handled after cleaning
because perspiration can degas slowly within the system.

Teflon items (Teflon stopcock plugs, rotary valve plugs, and Teflon sleeves)
should be wiped off with some acetone (using a Kimwipe) before being assem-
bled for use.

3.3.3 Types of Greases
When selecting a grease, keep in mind that a grease can only lubricate and/or seal.
Stopcock grease cannot repair leaks or imperfections of damaged or poorly made
stopcocks or joints. A grease's lubrication abilities are necessary for stopcocks to
rotate, as well as to facilitate the easy separation of joint members. A grease's
sealing abilities are necessary to help the joint or stopcock maintain the separation
between a vacuum and atmospheric pressure, or between one (or more) com-
pound^).

A

Fig. 3.32 Scratches on glass (or Teflon) plugs caused by particulate matter col-
lected on grease (and never cleaned) causes, scratches, or grooves on a plug.
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A sealant, such as Apiezon W, is a good example of a material that was designed
for an extremely limited application. Apiezon W is a hard black wax that needs to
be heated to 80°-90°C before it is soft enough to apply to the members you wish
to join. At room temperatures it is hard and has no lubrication abilities whatsoever
and is therefore not usable for a stopcock. It has a relatively high vapor pressure
(103 torr), so it cannot be used for most vacuum work. However, at temperatures
of about 100° to 150°C, it becomes very thin like hot honey and can easily be
applied to joint members. Therefore, if you have a standard taper joint that will
not be in a high-heat or ultrahigh-vacuum environment, there is no need to sepa-
rate often, and you don't want it to accidentally separate, Apiezon W is the type of
sealant you need.

Table 3.4 Hydrocarbon-Based Stopcock Greases

Type

Apiezon H

Apiezon L

Apiezon M

Apiezon N

Apiezon T

Apiezon Q

Apiezon W

Cello-
Grease
Lubricant

Cello-Seal

Best Used for

Wide temperatures (-15° to 250°C).

Joints where it's used will be in applica-
tions of very low vapor pressure (10~10 to
10ntorr).
Similar to Apiazon L for general appli-
cations, but cheaper (=$79/50 g).

Stopcocks because of special "slip-
pery" properties.
Joints or stopcocks used in high tem-
perature.
Semipermanent sealing of joints.

Permanent sealing of joints.

Very thick, max. operating temperature
of 119°C.

Maintains consistency up to 100°C.
May be mixed with Cello-Grease for
thicker consistency.

Watch Out for

Its price (=$130/25 gm).
Not intended for stopcock
use.

Not intended for stopcock
use. Moderately expen-
sive (=$130/50 gm).

Higher vapor pressure (10'7 to
10"8 torr) than Apiazon L.
Not intended for stopcock
use.

Its price (=$135/25 g).

Its price (=$130/25 g).

High vapor pressure (10'4

torr) or when evacuation
must be maintained.

Must be heated both to be
applied as well as to sepa-
rate inner and outer mem-
bers.

Unknown vapor pressure.

Unknown.
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Table 3.4 Hydrocarbon-Based Stopcock Greases (continued)

Type

Thomas
"Lubriseal"

Thomas
"Lubriseal"
High Vac-
uum

Podbielniak
Phynal Stop-
cock Lubri-
cant

Best Used for

Very inexpensive (=$18.00/ 75 g).

Very inexpensive (=$2.95/ 25 g).

Designed for stopcocks, insoluble in
hydrocarbons and most organic sol-
vents, but soluble in water for easy
clean up.

Watch Out for

Because of its thinness, it
tends to squeeze out of
joints too easily. It also
does not stand up very
well to constant use.
Because of its heaviness it
is not recommended for
general use.

Soluble in water.

There are three types of stopcock greases: hydrocarbon-based, silicon-based,
and fluorinated hydrocarbon-based. The general characteristics and attributes of
the various hydrocarbon- and silicon-based greases are listed in Table 3.4 and
Table 3.5, respectively (the third category, the fluorinated greases, requires no
table because there are only two fluorinated greases, both made by the same man-
ufacturer, and no cross distinctions are necessary). Table 3.6 lists the available
technical information on all of the greases. These tables are by no means inclusive
of all the greases available, nor is it complete. Regrettably, much technical infor-
mation is not available. Occasionally, the technical information that was available
was contradictory, and when this was observed, only the less grandiose of the
claims was listed.

Hydrocarbon-based stopcock greases are made (usually) from a refined hydro-
carbon base. They offer efficient sealing and good to excellent vapor pressures.
Some are refined specifically for stopcock use, whereas most others are made for
the simpler requirements of joints. Most stopcock greases can be easily cleaned
with hydrocarbon solvents, which is also part of their problem: Most solvents can
easily strip the grease from a stopcock or joint. Working with solvents, solvent
vapors, high temperatures, or UV wavelengths can break down organic stopcock
greases (such as the Apiezon brand of stopcock grease). One option is to use a sil-
icon-based stopcock grease.

Silicon-based stopcock grease maintains constant viscosity over a wide range of
temperatures (-40°C to 300°C). These greases are water insoluble and inert to
most chemicals and gases. Silicone grease is inexpensive compared to many other
stopcock greases.

There are, however, several drawbacks to using silicone grease: Silicone grease
is not impervious to all solvents and ethers. Silicone grease ages rapidly and it
breaks down under UV irradiation. Some brands of silicone grease begin to age
once they leave the factory and are only good for about 18 months once you
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Table 3.5 Stopcock Greases Containing Silicone

199

Type

Dow-Corning
Silicone Com-
pound

Dow-Corning
High-Vacuum
grease

Pldbielniak
Silicone Stop-
cock grease

Best Used for

Plastics, rubber, metals, and
adhesives.

Nonmelting so it can be placed
on hot (140° to 150°C). Main-
tains consistency from -40° to
260°C. Very cheap, $13 for 5 oz.

Contains silicone and carbon
particles as lubricants, which
may provide a more slippery
lubricant.

Watch Out for

Shelf life is 18 months from
date of shipping.

Needs to be cleaned and
reapplied every several
weeks whether useed or not.
Shelflife as above.

Because of the carbon, it
should not be used with
Teflon because there is a
potential of scratching the
Teflon. It should also not be
used with compressed oxy-
gen as it could detonate.

receive the tube. Old silicone grease becomes very hard, which makes rotation of
a stopcock very difficult. When hard, silicone grease will not flow as a joint is
being rotated. This lack of flow causes the grease to "crack," leaving a network of
air lines (called a spider web). These air lines will leak to the environment or to
the other sections of the stopcock. Despite its low vapor pressure, silicone grease
"creeps" within a vacuum system, which can lead to poor visibility, make glass-
blowing repair difficult to impossible, and increase cleaning complications.

Both hydrocarbon and silicon-based greases show signs of aging, which are typ-
ically increases in viscosity. When hydrocarbon-based greases age, lighter fac-
tions of the grease evaporate leaving heavier factions of the same material
remaining. Softening this material can be done by heat in the same manner that
heat is used to soften cold honey.

When silicon-based greases age, light factions evaporate, leaving behind prima-
rily nonvolatile components. Heat cannot soften this material. Thus, silicone
grease requires more maintenance than hydrocarbon-based stopcock grease. For
best results, old silicone grease can be (sufficiently) removed with a chlorinated
hydrocarbon and new grease applied every two to three months. Reapplication of
new silicone grease should be done regardless of whether a joint was used or not.

When silicone grease becomes hard, the material remaining is not the same
material that has volatilized off. Thus, using a hot air gun (as one would use on
hydrocarbon grease) for softening the remaining material cannot be used on sili-
cone grease. You must replace the old grease immediately. Blowing a hot air gun
on silicone grease with the intention to soften it up will in fact hasten its aging by
removing the remaining volatile materials.

When all volatile compounds are removed from silicone grease, all that remains
is silica. This material can be very difficult to remove from glass and can severely
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hinder any repair of glass items by a glassblower. Therefore, silicone grease must
be completely removed before any intense heat (>400°C) is applied. Silicone
grease can be removed from small systems by letting them soak in a base bath for
a half hour (see Sec. 4.1.7).

The last grease type is fluorinated greases. These greases go under the brand
name of Krytox® (registered and manufactured by Du Pont). They are all derived
from the base oil Krytox 143. To this oil are added different amounts of a thicken-
ing agent and other materials that impart a variety of characteristics. The thicken-
ing agent for Krytox greases is a component of a compound related to Teflon,
called Krytox® DR* Krytox DF is the lubricating agent used on all stainless steel
razor blades. Krytox stopcock grease comes in two forms for common lab use:
one for general use, Krytox® GPL, and one with low vapor pressure, Krytox®
LPV(l(r12torrat20oC).

Krytox seems like a product from heaven, as many of its attributes are spectacu-
lar. It is a fluorinated grease and is therefore impervious to hydrocarbon- and
water-based solvents. It cannot burn, so it has no flash point and can be exposed
directly to oxygen, even at high pressures. It can be used over the widest tempera-
ture range of all the greases and works equally well with stopcocks as with joints.
It has remarkable stability characteristics and can withstand long-term abuse. Best
of all, Krytox greases are nontoxic.

There are, however, two problems with the Krytox greases. Although they do
not burn, they break down in high heat environments (>260°C) into lethal fluorine
compounds. Thus, a habit such as smoking while you work can truly become a
real killer: If any Krytox grease remains on your hands when you handle a ciga-
rette, burned Krytox fumes from the grease transferred to the cigarette can kill
you. Because of the dangerous fumes generated by highly heated Krytox grease, it
is obvious that any glassware contaminated with Krytox must be completely
cleaned before any repairs can be made.

The cleaning of Krytox grease presents the second problem. The removal of
Krytox grease is problematic at best. Originally, the only way to remove Krytox
from glass apparatus (or your hands), was to scrub it off (simple wiping is not suf-
ficient) with a chlorofluorocarbon solvent such as Freon® 113 or Freon® TF.
Unfortunately, both of these compounds have been directly implicated in the
destruction of the world's protective ozone layer and are no longer commercially
available. But that wasn't all. If you simply tried to wipe off the grease with a
small amount of Freon 113 or Freon TF, a joint or stopcock still wasn't safe. As
mentioned before, the thickening agent for Krytox grease is called Krytox DF
whose burning fumes are also toxic. Krytox DF can smear into the rough surfaces
of a ground joint or stopcock, adding to the lubrication capabilities. To remove

'Krytox DF stands for Krytox Dry Film. It was previously known as Vydax.
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Krytox from these surfaces requires rough scrubbing with a toothbrush or finger-
nail brush and also requires sufficient solvent to remove the material.

To resolve these problems, the researchers at Du Pont tried a variety of cleaning
solutions and eventually discovered that an industrial solvent, BH-38,* did a very
effective job in removing the Krytox grease. The author did some basic tests and
observed that the detergent did a good job of removing the vast majority of the
grease. However, it was observed that an apparent film did remain on the ground
section of the stopcock and joint, even with considerable scrubbing. The composi-
tion of this film is unknown at the time of this writing. The author plans a future
experiment of heating the remaining material and determining the composition of
any products. While there is no question that BH-38 is removing the Krytox, at
this point in time the author is unaware of any independent studies verifying the
safety of heating glassware, from which Krytox grease has been sufficiently
removed, so that further glassblowing can be safely performed.

Table 3.6 Technical Data Chart for Various Greases
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*It should be pointed out that there is nothing particularly special about this specific industrial sol-
vent, and others may work just as well.
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Table 3.6 Technical Data Chart for Various Greases
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* Apiezon greases are made in England and are sold by many suppliers.
c Designed for ultrahigh vacuum.
d Good for general use.
e Designed for stopcocks.

•^Designed for high temperature uses.
s Ultra high-vacuum use.

* Not leached by aggressive solvents, yet are removable with aqueous detergents.

' Moderate vacuum use.

' Fisher Scientific product.

* Heavier and darker than Cello-Seal, high-vacuum use.

' Gas tight seals between glass and rubber tubing; can be coated outside of tubing to pre-
vent diffusion.

m Dow Corning product.

" Constant viscosity in that temperature range.
0 General Electric product (Silicone Products, Waterford, NY).
p Corrosion protection; heat sink.
q Nonlubrication; dielectric grease.
r Made by 3M and M.W. Kellog Co.
s Made by E.I. Du Pont de Nemours & Co., Inc.

' Fluoronated grease.

" More refined than Lubriseal.
v Contains silicone and graphite.
w Made by Podbielniak.
x Insoluble with most organic and hydrocarbon materials, but soluble in water.

Krytox, Teflon, and other similar products can be removed by incineration, and
the amount of fluorine released from several stopcocks or joints is a relatively
small amount. However, if the oven used is not properly vented in the confined
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space of the oven's room, the fumes could be toxic. At the time of the writing of
this book, there are no environmentally safe solutions. Accordingly, those con-
cerned about the environment may be inclined to conclude that there is no justifi-
cation for using Krytox grease. However, Krytox is the only grease for stopcocks
that can be used for very low temperatures (-35 °C) to very high temperatures
(220°C), has a very high level of chemical inertness, and will not affect elastomers
or metals. Thus, there are conditions when Krytox is the only viable alternative.

3.3.4 The Teflon Sleeve
There is one other substitute for stopcock grease on standard taper joints: the
Teflon sleeve. These sleeves are like socks for your joints. Because they are made
of Teflon, they are not attacked by solvents, alkalines, and most other chemicals.
Thus, they are wonderful for items like solvent flasks which are under constant
fume or chemical contact. However, they are not capable of maintaining a static
vacuum and should not be used for vacuum work. Thin Teflon sleeves are less
expensive, but cannot take physical abuse. Heavier Teflon sleeves have a greater
initial cost, but can be used over and over.

3.3.5 Applying Grease to Stopcocks and Joints
The concept of "if a little is good, then a lot is better, and too much is just right" is
incorrect for the application of grease on stopcocks and joints. Excess grease can
spread throughout an apparatus, creating a mess that can affect the work in
progress, decrease the potential vacuum and the speed of obtaining a vacuum,
and, worse, plug up holes in stopcocks, making them inoperative.

Stopcock grease is applied to the inner member of a joint or stopcock, inserted
within the outer member, and then twisted and/or rotated to spread the grease
throughout the rest of the ground surface. Applying a mild amount of pressure
will facilitate an even application throughout a joint. The colder a joint, the more
difficult the grease will be to spread. Lightly heating members prior to assembly
will help create an even distribution of grease.

When applying stopcock grease to pieces used on vacuum systems, do not use
your fingers because perspiration from fingers can result in slow degassing within
the system, limiting your potential vacuum. If the grease is supplied in a flat metal
tin or glass jar, use a wooden spatula to spread the grease on the inner piece.
Grease that is supplied in a tube (similar to toothpaste) is easy to apply by laying
the grease directly on the inner member in lengthwise strips (see Fig. 3.33).
Regardless of the method of application, one to two strips is all that is necessary
for very small joints and stopcocks (14/35 joints or 2-mm stopcocks), and up to
four strips are merged for large joints or stopcocks (45/50 joints or 10-mm stop-
cocks).

Once the grease is applied, insert the inner member into the outer member, twist
and/or rotate the inner piece until there is a thin, smooth film of grease between
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Applying stopcock
grease with tube.

— .\Jt is not critical to
apply the grease to
the end of the inner
member.

Stopcock

hole

Grease

Be sure to leave a
separation between the
holes on the plug and
where you lay the grease.

Joint Stopcock Plug
(side view) (end view)

Fig. 3.33 The application of grease on a stopcock or joint.

the two pieces. If the hole in the stopcock plug becomes filled with grease, remove
the plug and, using the wooden stem of a cotton swab, push out the excess grease.

If you are regreasing a stopcock or joint, be sure to remove all old grease (from
both members) before applying new grease. If a solvent is used to facilitate grease
removal, let the solvent dry before applying the new grease or it may be prema-
turely aged by the solvent.

3.3.6 Preventing Glass Stopcocks and Joints from
Sticking or Breaking on a Working System
Few things can be more frustrating, or economically devastating, than a frozen
joint or stopcock preventing access to a compound. Part of experimental time
should be spent making sure your equipment is ready to provide you safe and reli-
able use. Time for such preparation is part and parcel of experimentation.

Periodic removal and reapplication of stopcock grease is a must. The frequency
depends on the size of the stopcock or joint, how often it is used, under what con-
ditions it is used, and under what type of conditions it will be used in the future.
Conditions that can increase the need for cleaning and reapplying stopcock grease
are age, heat, the continued use of hydrocarbons within a system, and constant
exposure to UV radiation. Silicone grease should be changed as often as once
every two months to every week, depending on the type and nature of use. Even if
an apparatus is not being used, silicone grease ages and must be changed.

Because of the constant heating that large stopcocks often receive (to aid their
rotation) and because heating helps to age and drive out the higher volatile com-
ponents of stopcock grease, large stopcocks should be cleaned and new grease
reapplied fairly often. Specific frequency for changing stopcock grease is difficult
to provide because it depends on the amount of abuse and frequency of use. How-
ever, with constant use, hydrocarbon-based stopcock grease should be replaced
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about every six months. Some general tips for joint and stopcock maintenance are
as follows:

1. Never force an item. The glass might not be as strong as you, and you do
not want to find out the hard way. Also, forcing a stopcock or joint is
more likely to permanently jam an item than to free it.

2. Never soak a joint or stopcock in a joined position with its mate in an
alkali solution (i.e., a base bath). Alkali solutions should not be stored
in apparatus that have ground sections (joints or stopcocks) because
they are likely to jam them.

3. Never leave a piece of apparatus with a stopcock or ground joint with its
mate in place in a drying oven.

4. Never leave a Teflon plug or stopcock in a drying oven. If over 280°C,
fumes from a Teflon item in a drying oven can be toxic. If less than
280°C, the Teflon item will expand with the heat at a greater rate than
the glass, causing the glass item to crack or break.

5. Always hold the barrel or free-standing arm of a stopcock when rotating
the plug. The torque applied to rotate the plug may be greater than the
torque necessary to snap the stopcock off the apparatus.

3.3.7 Unsticking Joints and Stopcocks
Even if you follow all the rules of storage, preparation, and use, it is still possible
to have a joint or stopcock stick. The separation of these items, like cleaning
glassware, is more an empirical art than a specific science. Perhaps it is pessimis-
tic to say, but you should approach the unsticking of joints or stopcocks as if you
had already lost the apparatus in question. If you are able to free them, you have
gained. Otherwise, you cannot lose something that you have already lost. The
general rules for unsticking joints and stopcocks are as follows:

Your objective is to soften, not remove, any grease between the mated members.
Never perform cleaning operations with solvents on mated stopcocks or joints.
Never let mated stopcocks or joints bake in a drying oven or soak in solvents that
can dissolve the grease. If there is no grease, there is little hope in separating the
pieces.

Flame Heat. You can heat the entire joint or stopcock with a large bushy flame
from a gas-oxygen torch if (1) no Teflon is involved (a sleeve on a joint or Teflon
stopcock), (2) the piece is open to air on both sides,* and (3) the piece does not
contain a flammable mixture. First, be sure to wear heavy, heat-resistant gloves
(such as gloves made with Kevlar), and safety glasses (didymium or AUR 92
glasses1 are recommended). Be sure to rotate the object, while in the flame, so that
all sides of it are equally heated. The length of heating time is only for half a

*For instance, do not heat a round bottom flask with a single joint opening closed off. Excess pres-
sure can cause the item to blow up.
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minute at most. After heating, remove the item from the flame and try to separate
the pieces immediately. If this method fails, you may let the piece cool and try
again. However, your chance of success goes down rapidly if the first attempt is a
failure. In lieu of a flame, one can also point the steam from a steam line at the
stuck item. This is obviously safer than the flame and can be used near flammable
materials. However, it is somewhat less successful than using an open flame.

Electrical Conduction Heat. If the item is soft glass, such as the ground stop-
per section on a storage container (or even a perfume bottle), a softer heat is
required. This heating can be done by wrapping bare copper or nichrome wire (18
gauge) tightly around the joint, leaving an inch or so of tail. If you heat the wire
tail with a flame, conductance will heat the joint. If you wish to use a voltage reg-
ulator (such as a Variac®) to heat the wire, use nichrome wire that is insulated
with nonflammable covering. Do not use copper because it does not have enough
resistance (while trying to get the wire hot, you will draw too much current and
likely blow a fuse), and make sure that the wires do not overlap. In addition, be
sure to turn the Variac off before handling. The steam mentioned above can also
be used on soft glass.

Chemical Soaking Solutions. If it is not possible to use the heat from a flame,
there are a few soaking solutions that may help. Their chemical mixtures are as
follows3:

Solution #1

Alcohol (2 parts)

Glycerin (1 part)

Sodium chloride (1 part)

Solution #2

Chloral hydrate (10 parts)

Glycerin (5 parts)

Water (5 parts)

25% Hydrochloric acid (3 parts)

Soak the frozen joint or stopcock in either solution overnight or longer. Try to
free the item with a moderate amount of force, never an overt amount of force. If
either solution fails, try the other solution or either of the methods below.

Soda Pop. Surprisingly, soda pop has been used to successfully separate stuck
stopcocks. Some people say you need to use stale cola, others say fresh cola. I've
tried both with equally mixed success. Butler,4 using the fresh cola approach, sug-

^Bidymium or AUR 92 glasses are those used by glassblowers. They are obtainable from most of the
manufacturers listed in Appendix C, Sec. C.I. Both of these lenses have special filtering properties
which eliminate the sodium spectra, allowing the wearer to see through the normally bright yellow
light emitted by glass. Sunglasses and welder's glasses cannot be used for substitution.
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gested that the mechanism at work is the decomposition of carbonic acid as fol-
lows:

H2CO3 -> H2O + CO2

Butler also suggested that it is the resulting CO2 pressure that defreezes the
stuck stopcocks. Additionally, he suggested that there may be some interaction
between the carbonic acid and various sites on the glass surface. On the other
hand, the acidic nature of fresh soda (any fresh soda) is sufficient to dissolve lime
and other hard water deposits. Thus, if the joint is frozen due to such deposits*, a
fresh soda could ostensibly remove the deposit and defreeze the joint. Despite the
loss of a good soda, it would be safer, but probably not as effective, than hydro-
chloric acid.

Regardless, neither of these suggestions explain why stale cola should work.
Whether fresh or stale cola, the joint needs to be soaked from 3 to 48 hours. If you
choose to use the fresh cola approach, it should be replenished periodically to
allow for fresh acidity and/or bubbles.

Beeswax. Heat the joint to just above the melting temperature of beeswax
(about 65°C), then apply the wax at the lip of the two parts. The wax will melt and
surface tension will cause the wax to penetrate between the male and female sec-
tions. Let cool, then reheat and the joints may separate.

The Vibrating Etching Tool.6 First, remove the carbide tip from an engraving
tool (to prevent damaging the glassware), and then place the vibrating end to the
ground section while pulling on one of the pieces. You may also try to preheat the
joint as mentioned above.

The Crab Mallet. Even if glassware with stopcocks or joints is properly stored
in drawers, occasionally the members may stick. The following de-sticking tech-
nique will work on dry (ungreased) items only. Use a wooden stick, or crab mallet
(see Fig. 3.34), and lightly tap the stuck member in the same alignment as the
joint itself (see Fig. 3.35). Be sure to lay the item on a table so that if you are suc-
cessful, the item will skid on the tabletop a few inches rather than fall to the
ground. The use of wood for this technique is important because anything harder
is likely to chip, crack, or demolish the glass.

The False Handle. Finally, there may be times when part of a stopcock or plug
has broken off, leaving little left to hold onto. This situation can make removal

Fig. 3.34 A crab mallet.

Hard water deposits could happen if assembled glassware is placed in a sink of water and left to
soak for an extended period of time.



208 Joints, Stopcocks, and Glass Tubing

Tap the outer member with
a sharp light blow at a

glancing angle.

Fig. 3.35 Lightly tapping stuck (ungreased) joint or stopcock members with wood
can sometimes separate the pieces.

very difficult. Trying to grab onto remaining glass with a pair of pliers often is
futile as the glass breaks and chips off. If there is access to the opposite end, it
may be possible to tap, or push, the piece out. Alternatively, if the plug or joint is
hollow and is closed like a cup, it may be possible to pour melted lead or melted
electrical solder into the item like a screwdriver tip. Then when the melted metal
hardens, you have a good handle with which to remove the remaining portion of
the plug. The solder may then be removed and reused.7

WARNING: Although the materials used in these unsticking techniques are, for
the most part, inert or nonreactive, practice safe chemistry. If you have a chemical
(that is trapped by a stuck stopcock or joint) that may react with one of the materi-
als or solutions mentioned in this subsection, select a different approach.

3.3.8 Leaking Stopcocks and Joints

There are three reasons that a joint or stopcock might leak: Either the item is not
being used in the conditions, or manner, for which it was designed, the stopcock
or joint is worn, or the item was poorly manufactured. Although extra grease may
be used for short-term emergency situations, it is not a solution because extra
grease is not fixing the problem. Similarly, adding extra stopcock grease to a regu-
lar stopcock will neither make it act like a high-vacuum stopcock nor help a
defective stopcock or joint.

Surprisingly, many assumed defects of a joint or stopcock are caused by using
an item improperly. By trying to "make do" with what you have, you either may
jeopardize the quality of your work or may subject yourself and others around you
to potential dangers. Thus, adding extra grease onto a standard stopcock to that it
can be used for vacuum work will be a losing battle.

Assuming that the joint or stopcock selected is proper for the application and
there is evidence of leakage, you should look for potential human errors:

1. Did you apply the stopcock grease properly, or is the current grease old?

2. Did you properly clean the items before assembly? Paniculate matter
left in a joint or stopcock can not only cause a leak, but can also cause
the stopcock to jam.

3. Are the pieces of a Teflon stopcock assembled in the correct order? For
example, on a Teflon stopcock, if the black O-ring is placed next to
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the stopcock barrel, counterclockwise rotation may cause the plug to
loosen.

4. If you have a vacuum system with glass stopcocks, do the numbers on
the plugs and barrels match (see Sec. 3.3.1 and Fig. 3.30)?

Even if failure to prevent the above errors has not caused a leak outright, pro-
longed misuse eventually causes wear on a joint or stopcock, which can then
cause permanent damage. Not all defects caused by wear can be distinguished
from manufacturing defects by appearance alone. However, if a new item leaks
from structural defects, it probably is a manufacturing imperfection.

Although the quality of joint and stopcock construction from the glass manufac-
turing industry is generally excellent, mistakes do happen. It is possible to have
received hundreds, or thousands, of excellent joints and stopcocks from the same
manufacturer, plus one that leaks. Fortunately, manufacturers will promptly
replace defective materials.

The Rock or Jiggle Test. It is possible for a joint or stopcock to be so badly
made that a mated pair can rock, or jiggle, when a little lateral motion is applied.
This test should be done without any stopcock grease on the pair to prevent artifi-
cial damping of the motion. Do not force or twist any joint without grease as it is
likely to jam. The biggest problem with this test is that it is impossible to know
which of the pair is the bad one. To use a pair with this problem will only make
both pieces bad as the bad one will wear the good one unevenly, thus making it
unusable.

The Pencil Test. Before performing the pencil test, completely clean the entire
apparatus in question. Remove all traces of any oil or grease (if the grease is
hydrocarbon-based, you can heat the glass item in an oven to approximately
400°C to burn off any remaining grease). Next, take a standard no. 2 pencil and
scribble a line all over the inside surface of the outer piece and the outside surface
of the inner piece, as shown at the left of Fig. 3.36. Then, wet the joint (or stop-
cock) members with water (for lubrication) and rotate back and forth five to ten
times (do not bear down, let the water be a lubricant). If the ground sections of
both faces of the joint (or stopcock) are perfectly flat, the pencil will have been

Before grind. After grind.

Fig. 3.36 Sample of using the pencil test to examine the quality of a joint.
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removed while the two faces ground against each other. If there are any depres-
sions or raised areas on either surface, pencil lines will remain or be selectively
ground away as seen at the right of Fig. 3.36.

This technique works well with both regular stopcocks and joints, but the sur-
faces on vacuum stopcocks are ground so smooth that they are unable to grind off
the pencil. However, by adding a very small amount of an optical finishing pow-
der (i.e., aluminum oxide #50) you will be adding sufficient roughness without
doing any damage to the stopcock. If there is too much of the optical finishing
compound, the slurry will grind all the pencil off regardless of the quality of the
stopcock. Use plenty of water for lubrication; a joint that becomes stuck with
grinding compound is almost impossible to separate. Once you have finished
using the grinding compound, be sure to thoroughly rinse it out. Grinding com-
pound left on a joint or stopcock is likely to destroy the item over time.

As previously mentioned, it is important that all oil and grease be removed
before trying the pencil test. This point becomes even more critical if any optical
finishing compound or grinding compound is used because it is likely to stick to
any remaining oil or grease. If the stopcock is used with any particulate matter
mixed in with the grease, it will grind into the glass and destroy the stopcock or
joint.

The Merthiolate or Prussian Blue Test. The pencil test will not work on a
Teflon stopcock because there is no rough surface with which to rub a pencil mark
off. Grinding compound cannot be used because it will destroy the surface of the
Teflon, thus destroying the plug. Rather than using a rough material to grind off a
pencil line, this test uses either Prussian Blue or Merthiolate to collect in the
depressed surface of the member. The item is cleaned as before, but this time sev-
eral drops of Prussian Blue or Merthiolate are placed on the inner piece before
assembly with the outer member. As seen in Fig. 3.37, any dark spots signify a
thicker film of the indicating solution, which implies a concave impression on one
or the other piece. A perfect joint shows clear with no dark areas. This test can

Depression

Fig. 3.37 Sample of using the Prussian Blue (or Merthiolate) test to examine the
quality of a joint.
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also be used on glass stopcocks or joints. By rotating the two pieces you can note
with which member the dark spot travels. If you hold the outer piece still, rotate
the inner piece, and the spot travels, you know the depression is on the inner
piece. Similar logic is used to identify depressions on the nonrotated piece.

3.3.9 What to Do About Leaks in Stopcocks and Joints
Unfortunately, there are not many options available when you have a defective
stopcock or joint. The best solution is to replace the defective part of the appara-
tus, or the entire apparatus if necessary. If the item is new, return it to your sup-
plier and have it replaced.

If the defective part is the plug of a Teflon stopcock, you can try to simply
replace the plug. If the plug was damaged by abrasion (or other abuse), replace-
ment offers a simple resolution. The possibility that a distorted Teflon plug is
causing a leak is very unlikely. If the glass barrel of a Teflon stopcock is distorted
(showing the problems seen in Fig. 3.37), you have no recourse but replacement.

If the item is all glass, it may be reground. However, do not regrind a glass stop-
cock if:

1. You have any other recourse (see Point 5).

2. You are not experienced in grinding stopcocks or joints.

3. You are unable to completely remove all traces of oil or grease from the
item. Any oil or grease will retain grinding compound onto the part,
and subsequent use of the item with the grinding compound on it will
cause it to jam or wear unevenly, leaving you back where you started.
The best technique for removing organic greases is to burn them off
in a high-heat oven.

4. If the item is a stopcock and the overlap of the holes on the plug and bar-
rel are such that any grinding will close the hole passageway (see
Fig. 3.17).

5. You can accept that the piece in question is expendable.

Grinding should be done with 120-grit Carborundum and plenty of available
water. Adding a little dishwater soap will help lubricate of the pieces as they are
ground.

After removing all grease, wet both glass members with water and place a small
bit of grinding compound on one of the members. Insert the inner member into the
outer member and, while applying a light amount of pressure, rotate the members
around and around, not back and forth (this point is very important because back
and forth rotation with grinding compound will cause uneven wear). Remember,
incomplete rotation will mean that you are making a depression in only one region
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of the rotation. Never let the members become dry while rotating, otherwise they
are likely to freeze. Members that freeze while grinding cannot be separated.

If you chose to regrind and you use a glass part with which to grind the errant
member, the parts are "married" to each other and should be numbered like vac-
uum stopcocks. These pieces are likely to leak with any other similar-sized mem-
ber.

3.3.10 General Tips
To facilitate the creation of a high vacuum, heating the walls of a system will help
drive off moisture. On a glass system, this heating is typically done with a hot air
gun. It is important that any heat source is not aimed at stopcocks or joints on the
system. However, it is often necessary for very large stopcocks or joints to be
heated before they can be rotated or separated. Therefore, pay attention and do not
heat any more than necessary. These stopcocks or joints require frequent grease
replacement. Do not dwell the hot air gun on any particular spot while the system
is under any level of vacuum and the hot air gun is on full. It is possible for the
glass to get sufficiently hot for air pressure to collapse the wall of the system. To
prevent this, simply move the hot air gun as one would move a paint sprayer.

Keep in mind that if you heat a vacuum stopcock or joint in a vacuum influence,
any grease on the member will be squeezed out because the pressure of the vac-
uum will pull the plug deeper into the barrel, causing the (now less viscous)
grease to be squeezed out. After repeated heating, grease under these conditions
will age prematurely and become so thin that it will be useless.

Very high heat (> 300°C) can cause organic greases to volatilize. Once the
grease is gone, rotation or separation of the joint or stopcocks becomes very diffi-
cult to impossible.

Using high heat (> 350°C) with silicone grease can cause parts of the grease to
volatilize, while leaving the nonorganic remains to form a hard, crusty deposit that
makes separation or rotation of stopcocks, or separation of joints, impossible. The
material remaining from overheated silicone grease can only be removed with
hydrofluoric acid. Silicone grease at room temperature ages in two to three
months. At higher temperatures, the grease volatilizes significantly faster and
needs to be replaced even more frequently.

3.4 Glass Tubing

3.4.1 The Basics of Glass Tubing
The glass tubing often used in beginning chemistry labs is soft glass that can be
worked with the flame of a Bunsen burner. For more information on this type of
glass, see Sec. 1.1.5. The vast majority of the remaining glass within the labora-
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tory is borosilicate glass. For more information on borosilicate glass, see Sec.
1.1.5.

From Table 3.8 through Table 3.14, most of the different types of tubing manu-
factured in the United States and Germany are listed. These tables list the various
sizes of tubes available as well as their inside diameters (I.D.), volume [in mL/cm
(with the tolerance of that volume)], and volume (in mL) of one half-sphere (rep-
resenting the rounded end of a tube). The next two columns indicate the number
of pieces shipped per case, and the price per length of tube (based on the price of
one tube when purchasing one case of that size tube at 1990 retail prices). The
final column provides the maximum tolerable pressure which that size tubing can
withstand, assuming a maximum bursting pressure of 750 psi. The reader should
closely follow the information on pressure in glass tubing in Sec. 1.1.12.

Standard Wall Tubing (Table 3.8). This tubing is made in metric sizes (unless
otherwise stated, all measurements on these charts are metric). The vast majority
of all tubing seen in the laboratory is standard wall tubing.

Medium and Heavy Wall Tubing (Table 3.9 and Table 3.10). This tubing is
made in English sizes, but with the push toward the metric system such tubing is
now listed in catalogs in its metric equivalent (therefore, 1" tubing is listed as 25.4
mm). Both English and metric measurements are listed in both tables.

Special Wall Tubing (Table 3.11). This tubing comes in medium and heavy
wall types, but there are fewer size selections. In addition, these tubings are not
sold as "medium" or "heavy" wall. Rather, when ordering, you must specify the
desired outside diameter (O.D.) and wall thickness.

Capillary Tubing (Table 3.12). This tubing is selected on the basis of its inside
diameter (I.D.), also called its bore. Capillary tubing is sold in a continuous (and
sometimes overlapping) range of bore sizes. The O.D. is seldom the deciding fac-
tor in selection.

Schott Glass Tubing (Table 3.13). This tubing manufacturer uses a different
system for determining sizes. For one, this tubing is 1.5 meters long (approxi-
mately five feet). Secondly, it does not come in medium and heavy wall thick-
nesses based on the English measurement system. Rather, for each outside
diameter, one, two, or three different wall thicknesses are available. Because of
these differences, all calculations for volume and pressure previously made would
not be relevant. Table 3.13 provides all the above information, but the tubing is
not separated by wall thickness.

Schott Glass Capillary Tubing (Table 3.14). This tubing is similar to regular
Schott glass tubing because several I.D.'s are available for each size O.D.

3.4.2 Calculating the Inside Diameter (I.D.)

In manufacturing tubing, two out of three parameters—the outside diameter and
wall thickness—can be monitored; the inside diameter (I.D.) is maintained
through the manufacturer's control of the other two parameters. Therefore, the
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wall thickness
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(outside
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(inside
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Fig. 3.38 The tolerances (±) of the wall thickness and glass tubing O.D.

I.D. on all charts (except capillary tubing) is calculated by inference using
Eq. (3.1):

O.D.- [2 x (wall thickness)] = I.D. (3.1)

Note that there are tolerances for each of these measurements, and each of these
tolerances can cause variation in I.D. Figure 3.38 shows the potential variation.

Variations of the O.D. include any possible distortion of the tube diameter. This
distortion is referred to as "out of round" or API (all points in). For example, 20-
mm tubing has a potential variation of ±0.6 mm. The wall thickness for this tubing
is 1.2 mm with a potential variation of ±0.1 mm. The range of variations can be
seen in Table 3.7. Although there can be a range of 2.2 mm (+1.1) on the inside
diameter of a 20-mm tube, most manufacturers maintain their tolerances within
half of these amounts.

Table 3.7 Ranges of Variations of Outside Diameter Due to Out of Round

(1)

(2)

(3)

(4)

Max O. D.
20.6

Max O.D.
20.6

Min. O. D.
19.4

Min. O.D.
19.4

—

—

:

Min. wall thickness
1.1

Max. wall thickness
1.3

Min. wall thickness
1.1

Max wall thickness
1.3

II 
II

=

=

II 
II

I.D.
19.6 mm

I.D.

18.0 mm

I.D.

17.2 mm

I.D.

16.8 mm
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10 mm

20 mm

1/2 sphere

Fig. 3.39 Calculating the volume of a tube.

3.4.3 Sample Volume Calculations
With the use of Table 3.8 through Table 3.14, you can determine what size tubing
may be required to satisfy a specific liquid volume amount, or whether the appara-
tus you have will contain a given liquid volume, by calculating the volume based
on the O.D. of the container and its length.

For example, we can make a sample volume calculation using the information
provided in Fig. 3.39 to determine the volume of "A." If the diameter of "A" is 20-
mm tubing, we can see in Table 3.8 that the volume of the half-sphere is 1.4 mL
and the volume of each centimeter is 2.4 mL; therefore the total volume is (2 x
1.4) + (3 x 2.4) = 10 mL. The centimeter of the 10-mm tube on the top can contain
0.50 mL.

Although tolerance is given for the volume per centimeter of tubing, no toler-
ance is given for the half-sphere. Because half-spheres cannot be formed with the
same precision as with tubing, the volume measurement for half-spheres should
be used only as a working tool and not as an accurate measure.
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Table 3.8 Standard Wall Tubing
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450.0

352.9

352.9

275.7

288.5

243.2

210.0

184.6

164.6

148.5

135.2

151.0

139.4

129.5

120.8

113.3

106.6

100.7

95.4

109.2

95.4

84.6

95.4

89.1

90.6

83.1

76.7

69.6

65.1

61.1

69.6

65.8

62.4

58.4
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O
.D

.
(m

m
)

70

75

80

85

90

95

100

110

120

125

130

140

150

178

of

65.2

70.2

75.2

80.2

85.2

90.2

95.2

104.8

114.0

119.0

124.0

133.0

143.0

171.0

Table 3.8

V
ol

 (
m

L
)/

H
T

 (
cm

)
33.4

38.7

44.4

50.5

57.0

63.9

71.2

86.3

102.1

111.2

120.8

138.9

160.6

229.7

Standard Wall Tubing (continued)

S

0.9

1.1

1.1

1.2

1.3

1.4

1.5

2.3

2.7

2.9

3.2

3.8

4.3

6.3

V
ol

 (
m

L
)

H
al

f 
Sp

he
re

72.6

90.6

111.3

135.0

161.9

192.1

225.9

301.3

387.9

441.2

499.2

615.9

765.6

1309.1

P
ie

ce
s/

C
as

e

4

4

4

4

4

4

4

4

4

4

4

2

2

2

C
os

t 
($

)/
P

ie
ce

0

$43.58

$47.20

$50.83

$54.45

$58.10

$61.73

$65.35

$76.25

$98.03

$101.65

$105.28

$130.70

$145.25

$186.20

«t
„ ft
eg »5

^ s53.2

49.5

46.3

43.5

41.1

38.9

36.9

36.3

38.4

36.9

35.4

38.4

35.8

30.1

a 1996 prices.
b Maximum internal pressure is calculated on a variety of safety factors. One of these factors is sur-
face abrasion, which significantly lowers the potential pressure that a given tube can withstand. The
use of safety shields and wrapping the tubing with fiber tape is strongly recommended. For more
information see Sec. 1.1.12.
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O
.D

.
(i

n
ch

es
)

%

'/2

%

%

1

l ' / 4

l ' / 2

l3/4

2

2' /4

2' /2

23/4

3

3 ' / 4

3 ' / 2

4

4' / 2

O
.D

.
(m

m
)

6.4

12.7

15.9

19.1

25.4

31.8

38.1

44.5

50.8

57.2

63.5

69.9

76.2

82.6

88.9

101.6

114.3

I.
D

.
(m

m
)

4.0

9.5

12.7

15.9

20.6

27.0

33.3

39.7

44.5

50.8

57.2

63.5

69.9

76.2

82.6

92.1

104.8

fable 3.9

V
ol

 (
m

L
)/

H
T

 (
cm

)

0.1

0.7

1.3

2.0

3.3

5.7

8.7

12.4

15.5

20.3

25.7

31.7

38.3

45.6

53.5

66.6

86.2

Medium Wall Tubing

i
+1

0.0

0.1

0.2

0.2

0.4

0.6

0.8

1.0

1.4

1.7

2.0

2.3

2.6

3.0

3.3

4.3

5.6

V
ol

 (
m

L
)

H
al

f 
S

p
h

er
e

0.0

0.5

1.1

2.1

4.6

10.3

19.4

32.7

46.0

68.6

97.7

134.1

178.4

231.7

294.5

408.7

602.2

P
ie

ce
s/

C
as

e

276

96

75

61

31

24

18

15

4

4

4

4

4

4

4

4

2

C
os

t 
($

)/
P

ie
ce

8

$1.23

$3.53

$4.52

$5.56

$10.93

$14.39

$20.42

$23.69

$36.75

$39.55

$53.95

$57.55

$66.15

$69.83

$79.68

$132.78

$151.75

M
ax

 I
n

t.
P

re
s.

 (
p

si
)b

328.7

210.0

164.6

135.2

153.5

120.8

99.6

84.6

99.6

87.9

78.7

71.3

65.1

59.9

55.5

73.6

65.1

a1996 prices.
bMaximum internal pressure is calculated on a variety of safety factors. One of these factors is sur-
face abrasion, which significantly lowers the potential pressure that a given tube can withstand. The
use of safety shields and wrapping the tubing with fiber tape is strongly recommended. For more
information see Sec. 1.1.12.
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Table 3.10 Heavy Wall Tubing

O
.D

.
(i

nc
he

s)

%

%

X
%
X

1

i ' / 4

2

2%

2%

2%

3

3 %

3 ' / 2

4

4V2

5

5%

6

6 1/2

7

O
.D

.
(m

m
)

9.5

12.7

15.9

19.1

22.2

25.4

31.8

38.1

44.5

50.8

57.2

63.5

69.9

76.2

82.6

88.9

101.6

114.3

127.0

139.7

152.4

165.1

177.8

I.D
.

(m
m

)

4.8

7.9

11.1

12.7

15.9

17.5

23.8

30.2

36.5

41.3

47.6

54.0

60.3

66.7

73.0

79.4

88.9

101.6

114.3

127.0

136.5

149.2

158.8

V
ol

 (m
L

)/
H

T
 (c

m
)

0.2

0.5

1.0

1.3

2.0

2.4

4.5

7.1

10.5

13.4

17.8

22.9

28.6

34.9

41.9

49.5

62.1

81.1

102.6

126.7

146.4

174.9

197.9

J

+1

0.1

0.1

0.2

0.3

0.4

0.5

0.7

1.0

1.4

1.7

2.1

2.4

2.8

3.3

3.8

4.2

5.5

6.4

7.8

9.3

11.8

13.8

16.5

V
ol

 (m
L

)
ha

lf
 s

ph
er

e

0.1

0.3

0.7

1.1

2.1

2.8

7.1

14.4

25.5

36.8

56.6

82.3

114.9

155.2

203.9

261.8

367.9

549.1

781.9

1072.5

1332.4

1739.9

2094.8

P
ie

ce
s/

ca
se

96

61

45

28

30

24

18

12

10

4

4

4

4

4

4

4

2

2

2

2

2

1

1

8*
u

$2.98

$4.69

$6.36

$10.21

$12.00

$16.77

$22.36

$29.64

$34.41

$51.00

$58.00

$71.75

$82.00

$89.00

$99.28

$114.80

$176.10

$199.10

$222.05

$245.05

$329.30

$367.60

$459.50

M
ax

 in
t

pr
es

 (p
si

)b

450.0

328.7

256.7

288.5

243.2

268.6

210.0

172.1

145.7

153.5

135.2

120.8

109.2

99.6

91.5

84.6

99.6

87.9

78.7

71.3

82.2

75.6

84.6

a1996 prices.
bMaximum internal pressure is calculated on a variety of safety factors. One of these factors is sur-
face abrasion, which significantly lowers the potential pressure that a given tube can withstand. The
use of safety shields and wrapping the tubing with fiber tape is strongly recommended. For more
information see Sec. 1.1.12
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Table 3.11 Special Wall Tubing
O

.D
.

(m
m

)

8

9

10

11

14

8

9

10

11

19

22

I.
D

.
(m

m
)

5.0

6.0

7.0

8.0

10.8

4.0

5.0

6.0

7.0

14.5

17.5

V
ol

 (
m

L
)/

H
T

 (
cm

)
0.2

0.3

0.4

0.5

0.9

0.1

0.2

0.3

0.4

1.7

2.4

1
+1

0.1

0.1

0.1

0.1

3.0

0.1

0.1

0.1

0.1

0.3

0.3

V
ol

 (
m

L
)

H
al

f 
S

p
h

er
e

0.3

0.6

0.9

1.3

3.3

0.2

0.3

0.6

0.9

8.0

14.0
P

ie
ce

s/
C

as
e

136

117

104

93

67

109

94

82

73

35

30

u *

$2.70

$3.14

$3.54

$3.95

$5.49

$3.37

$3.91

$4.49

$5.04

$10.51

$12.26

M
a

x
in

t
p

re
s.

 (
p

si
)b

328.7

288.5

256.7

231.1

190.4

450.0

396.2

352.9

317.6

197.9

168.7

a 1996 prices.
b Maximum internal pressure is calculated on a variety of safety factors. One of these factors is
surface abrasion, which significantly lowers the potential pressure that a given tube can with-
stand. The use of safety shields and wrapping the tubing with fiber tape is strongly recommended.
For more information see Sec. 1.1.12

Table 3.12 Capillary Wall Tubing

O
.D

.
(m

m
)

V
ol

 (
m

L
)/

H
T

 (
cm

)

V
ol

 (
m

L
)

H
al

f 
S

p
h

er
e

P
ie

ce
s/

C
as

e

i
5.5 0.5 0.004 0.001 0.001 107 $2.40 718.2 747.3

6.5 1.0 0.008 0.002 0.004 78 $3.29 696.5 730.3

6.5 1.3 0.010 0.002 0.008 57 $4.50 674.2 715.3

7.0 2.8 0.022 0.002 0.087 76 $3.37 661.8 703.6

8.0 3.4 0.027 0.002 0.162 59 $4.34 640.0 681.5

7.5 1.5 0.012 0.002 0.014 58 $4.42 543.1 626.1

7.5 1.8 0.014 0.002 0.022 61 $4.20 543.1 600.0

9.0 2.4 0.019 0.002 0.056 43 $5.96 528.1 600.0

a 1996 prices.
b Maximum internal pressure is calculated on a variety of safety factors. One of these factors is sur-
face abrasion, which significantly lowers the potential pressure that a given tube can withstand. The
use of safety shields and wrapping the tubing with fiber tape is strongly recommended. For more
information see Sec. 1.1.12
c Because of the ranges in O.D. and Bore dimensions of capillary tubing, these two columns repre-
sent the extreme minimum and maximum bursting pressures based on the resultant variations of
wall thickness.
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Table 3.13 Duran Tubing

O
.D

.
(m

m
)

3

4

5

6

6

7

7

8

8

9

9

10

10

10

11

11

11

12

12

12

13

13

13

14

14

14

15

15

15

16

16

16

17

17

L
D

.
(m

m
)

1.6

2.4

3.4

4.0

3.0

5.0

4.0

6.0

5.0

7.0

6.0

8.0

7.0

5.6

9.0

8.0

6.6

10.0

9.0

7.6

11.0

10.0

8.6

12.0

11.0

9.6

12.6

11.4

10.0

13.6

12.4

11.0

14.6

13.4

V
ol

 (m
L

)/
H

T
 (c

m
)

0.02

0.05

0.09

0.13

0.07

0.20

0.13

0.28

0.20

0.38

0.28

0.50

0.38

0.25

0.64

0.50

0.34

0.79

0.64

0.45

0.95

0.79

0.58

1.13

0.95

0.72

1.25

1.02

0.79

1.45

1.21

0.95

1.67

1.41

s
+1

0.01

0.01

0.01

0.02

0.02

0.02

0.02

0.02

0.03

0.03

0.03

0.03

0.04

0.03

0.04

0.05

0.04

0.04

0.05

0.04

0.04

0.06

0.05

0.05

0.06

0.05

0.05

0.06

0.06

0.05

0.07

0.06

0.06

0.08

V
ol

 (m
L

)
H

al
f 

Sp
he

re

0.00

0.00

0.01

0.02

0.01

0.03

0.02

0.06

0.03

0.09

0.06

0.13

0.09

0.05

0.19

0.13

0.08

0.26

0.19

0.11

0.35

0.26

0.17

0.45

0.35

0.23

0.52

0.39

0.26

0.66

0.50

0.35

0.81

0.63

P
ie

ce
s/

C
as

e

941

555

343

245

211

190

172

149

147

119

119

95

90

56

86

74

42

130

67

42

119

56

36

110

46

30

86

56

25

81

49

25

76

49

C
os

t (
$)

/
P

ie
ce

3

$0.46

$0.74

$0.96

$0.97

$1.30

$1.15

$1.59

$1.35

$1.86

$1.53

$2.15

$1.73

$2.44

$3.25

$1.91

$2.72

$3.69

$2.11

$3.00

$4.12

$2.30

$3.25

$4.55

$2.49

$3.56

$4.99

$3.19

$4.57

$5.99

$3.38

$4.88

$6.42

$3.61

$5.22

ja

IS
417.8

352.9

275.7

288.5

450.0

243.2

380.8

210.0

328.7

184.6

288.5

164.6

256.7

391.9

148.5

231.1

352.9

135.2

210.0

320.6

124.1

192.4

293.4

114.7

177.4

270.3

129.5

200.8

288.5

120.8

187.1

268.6

113.3

175.2
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O
.D

.
(m

m
)

17

18

18
18

19

19

19

20

20

20

22

22

22

24

24

24

26

26

26

28

28

28

30

30

30

32

32

32

33

34

34

34

36

36

36

I.
D

.
(m

m
)

12.0

15.6

14.4

13.0

16.6

15.4

14.0

17.6

16.4

15.0

19.6

18.4

17.0

21.6

20.4

19.0

23.2

22.0

20.4

25.2

24.0

22.4

27.2

26.0

24.4

29.2

28.0

26.4

29.0

31.2

30.0

28.4

33.2

32.0

30.4

Table

V
ol

 (
m

L
)/

H
T

 (
cm

)
1.13

1.91

1.63

1.33

2.16

1.86

1.54

2.43

2.11

1.77

3.02

2.66

2.27

3.66

3.27

2.84

4.23

3.80

3.27

4.99

4.52

3.94

5.81

5.31

4.68

6.70

6.16

5.47

66.1

7.65

7.07

6.33

8.66

8.04

7.26

3.13 Duran Tubing (continued)

E
+i

0.07

0.06

0.08

0.07

0.07

0.09

0.08

0.08

0.11

0.12

0.09

0.12

0.14

0.10

0.13

0.15

0.15

0.14

0.16

0.16

0.15

0.18

0.24

0.23

0.26

0.26

0.25

0.28

0.30

0.27

0.26

0.30

0.29

0.28

0.32

V
ol

 (
m

L
)

H
al

f 
Sp

he
re

0.45

0.99

0.78

0.58

1.20

0.96

0.72

1.43

1.15

0.88

1.97

1.63

1.29

2.64

2.22

1.80

3.27

2.79

2.22

4.19

3.62

2.94

5.27

4.60

3.80

6.52

5.75

4.82

6.39

7.95

7.07

6.00

9.58

8.58

7.36

P
ie

ce
s/

C
as

e

25

66

49

20

63

42

36

55

36

20

42

30

30

38

25

25

33

25

12

25

20

20

36

16

16

25

16

16

25

25

16

16

25

25

12

C
os

t 
($

)/
P

ie
ce

"

$6.92

$3.88

$5.59

$7.41

$4.06

$5.95

$7.91

$4.32

$6.28

$8.40

$4.79

$7.01

$9.38

$5.29

$7.65

$10.23

$6.65

$9.21

$12.49

$7.15

$10.06

$13.49

$8.20

$11.40

$15.53

$8.77

$12.28

$16.74

$12.58

$9.41

$13.11

$17.95

$9.80

$13.99

$18.94

M
ax

 I
nt

.
P

re
s.

 (
ps

i)
b

251.2

106.6

164.6

235.8

100.7

155.3

222.2

95.4

146.9

210.0

86.3

132.6

189.2

78.7

120.8

172.1

85.1

124.1

178.4

78.7

114.7

164.6

73.3

106.6

152.8

68.5

99.6

142.5

96.4

64.3

93.4

133.5

60.6

87.9

125.6
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O
.D

.
(m

m
)

38

38

38

40

40

40

40

42

42

42

44

44

44

45

46

46

46

48

48

48

50

50

50

50

50

50

52

52

52

54

54

54

55

56

56

I.D
.

(m
m

)

35.2

34.(K

32.4

36.8

35.4

33.6

30.0

38.8

37.4

35.6

40.8

39.4

37.6

35.0

42.8

41.4

39.6

44.8

43.4

41.6

46.4

45.0

43.0

40.0

36.0

32.0

48.4

47.0

45.0

50.4

49.0

47.0

45.0

52.4

51.0

Table

V
ol

 (m
L

)/
H

T
 (c

m
)

9.73

9.08

8.24

10.64

9.84

8.87

7.07

11.82

10.99

9.95

13.07

12.19

11.10

9.62

14.39

13.46

12.32

15.76

14.79

13.59

16.91

15.90

14.52

12.57

10.18

8.04

18.40

17.35

15.90

19.95

18.86

17.35

15.90

21.57

20.43

3.13 Duran Tubing (continued)

i
+i

0.31

0.30

0.34

0.41

0.45

0.49

0.49

0.43

0.48

0.52

0.46

0.51

0.54

0.57

0.48

0.53

0.57

0.50

0.56

0.60

0.52

0.58

0.62

0.64

0.64

0.63

0.54

0.60

0.65

0.56

0.63

0.68

0.72

0.58

0.65

V
ol

 (m
L

)
H

al
f 

Sp
he

re

11.42

10.29

8.90

13.05

11.61

9.93

7.07

15.29

13.70

11.81

17.78

16.01

13.92

11.22

20.53

18.58

16.26

23.54

21.40

18.85

26.15

23.86

20.81

16.76

12.21

8.58

29.68

27.18

23.86

33.52

30.80

27.18

23.86

37.67

34.73

Pi
ec

es
/

C
as

e

20

20

9

16

16

9

9

16

16

9

16

16

9

9

16

9

9

16

16

6

9

9

9

6

6

6

9

9

9

9

9

9

4

9

9

C
os

t (
$)

/
Pi

ec
e"

$10.48

$14.58

$20.26

$12.39

$17.73

$24.18

$35.63

$13.22

$18.56

$25.26

$13.82

$19.44

$26.72

$40.82

$14.43

$20.46

$28.09

$15.03

$21.36

$29.07

$20.47

$27.93

$40.45

$52.75

$71.07

$86.68

$21.15

$29.17

$39.92

$22.16

$30.42

$41.61

$58.77

$22.96

$31.44

M
ax

 I
nt

.
P

re
s.

 (p
si

)b

57.3

83.1

118.6

62.4

91.2

129.5

210.0

59.3

86.6

122.9

56.5

82.5

116.9

184.6

54.0

78.7

111.5

51.7

75.3

106.6

55.9

78.7

112.3

164.6

237.9

314.1

53.7

75.6

107.7

51.7

72.6

103.5

148.5

49.8

69.9
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O
.D

.
(m

m
)

56

58

58

58

60

60

60

60

60

60

65

65

65

65

70

70

70

70

70

70

75

75

75

75

80

80

80

80

85

85

85

90

90

90

90

I.D
.

(m
m

)

49.0

54.4

53.0

51.0

55.6

53.6

51.6

50.0

46.0

42.0

60.6

58.6

56.6

55.0

65.6

63.6

61.6

60.0

56.0

52.0

70.6

68.6

66.6

65.0

75.0

73.0

70.0

62.0

80.0

78.0

75.0

85.0

83.0

80.0

76.0

Table

V
ol

 (
m

L
)/

H
T

 (
cm

)
18.86

23.24

22.06

20.43

24.28

22.56

20.91

19.63

16.62

13.85

28.84

26.97

25.16

23.76

33.80

31.77

29.80

28.27

24.63

21.24

39.15

36.96

34.84

33.18

44.18

41.85

38.48

30.19

50.27

47.78

44.18

56.75

54.11

50.27

45.36

3.13 Duran Tubing (continued)

E
+i

0.71

0.61

0.68

0.73

0.93

0.99

1.04

1.01

1.00

0.99

1.02

1.08

1.14

1.10

1.10

1.17

1.23

1.20

1.22

1.22

1.18

1.26

1.33

1.30

1.44

1.52

1.68

1.70

1.53

1.62

1.80

1.62

1.72

1.92

1.95

V
ol

 (
m

L
)

H
al

f 
S

ph
er

e

30.80

42.15

38.98

34.73

45.00

40.31

35.97

32.72

25.48

19.40

58.26

52.68

47.47

43.56

73.91

67.35

61.19

56.55

45.98

36.81

92.13

84.52

77.34

71.90

110.45

101.84

89.80

62.39

134.04

124.24

110.45

160.78

149.69

134.04

114.92

P
ie

ce
s/

C
as

e

9

9

9

9

9

9

4

4

4

4

8

4

4

4

8

3

3

4

4

4

8

4

4

4

4

4

4

4

4

4

4

4

4

4

4

C
os

t 
($

)/
P

ie
ce

3

$43.65

$23.97

$32.68

$44.89

$29.97

$42.86

$54.96

$64.63

$87.53

$108.13

$32.82

$46.56

$60.05

$70.73

$35.11

$67.17

$86.85

$76.33

$103.81

$129.51

$37.91

$54.45

$70.22

$82.44

$46.05

$63.35

$88.54

$150.37

$48.85

$67.43

$94.14

$51.65

$71.24

$100.50

$102.54

M
ax

 I
nt

.
P

re
s.

 (
ps

i)
b

99.6

48.0

67.4

95.9

57.0

84.2

112.3

135.2

194.7

256.7

52.5

77.5

103.1

124.1

48.6

71.7

95.4

114.7

164.6

216.6

45.3

66.7

88.7

106.6

48.3

68.5

99.6

187.1

45.4

64.3

93.4

42.8

60.6

87.9

125.6
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O
.D

.
(m

m
)

90

95

95

95

100

100

100

100

100

100

105

105

110

110

110

110

115

115

115

120

120

120

120

125

125

130

130

130

130

135

135

140

140

140

145

L
D

.
(m

m
)

72.0

90.0

88.0

85.0

95.0

94.0

93.0

90.0

86.0

82.0

99.0

95.0

104.8

104.0

100.0

96.0

, 109.0

105.0

101.0

114.0

110.0

106.0

102.0

115.0

107.0

124.0

120.0

116.0

112.0

125.0

121.0

134.0

130.0

126.0

135.0

Table

V
ol

 (
m

L
)/

H
T

 (c
m

)
40.72

63.62

60.82

56.75

70.88

69.40

67.93

63.62

58.09

52.81

76.98

70.88

86.26

84.95

78.54

72.38

93.31

86.59

80.12

102.07

95.03

88.25

81.71

103.87

89.92

120.76

113.10

105.68

98.52

122.72

114.99

141.03

132.73

124.69

143.14

3.13 Duran Tubing (continued)

+i

1.97

1.72

1.82

2.04

1.81

1.95

1.93

2.16

2.20

2.24

2.05

2.43

2.34

2.32

2.55

2.61

2.43

2.68

2.74

2.54

2.80

2.88

2.93

2.93

3.08

2.96

3.06

3.33

3.22

3.18

3.47

3.41

3.52

3.82

3.65

V
ol

 (
m

L
)

H
al

f 
S

ph
er

e

97.72

190.85

178.41

160.78

224.46

217.45

210.58

190.85

166.52

144.35

254.02

224.46

301.34

294.49

261.80

231.62

339.04

303.07

269.73

387.87

348.45

311.81

mm
398.16

320.72

499.15

452.39

408.64

367.81

511.33

463.79

629.92

575.17

523.70

644.12

P
ie

ce
s/

C
as

e

4

4

4

4

4

4

3

3

3

3

3

3

4

3

3

3

4

2

2

4

2

2

2

2
2

4

2

2

2

2

2

4

2

2

2

it
o £
u
$129.00

$54.45

$75.06

$106.10

$61.21

$71.99

$84.84

$119.71

$162.49

$204.44

$76.21

$125.10

$76.42

$80.17

$130.86

$179.75

$83.85

$138.05

$189.28

$87.36

$143.98

$197.36

$249.67

$149.91

$260.46

$95.18

$155.84

$215.16

$272.32

$162.85

$223.25

$102.73

$168.78

$232.95

$174.72

05 en

164.6

40.5

57.3

83.1

38.4

46.3

54.3

78.7

112.3

146.9

44.1

74.8

36.3

42.0

71.3

101.5

40.1

68.0

96.8

38.4

65.1

92.6

120.8

62.4

115.7

35.4

59.9

85.1

111.0

57.6

81.8

32.8

55.5

78.7

53.5
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O
.D

.
(m

m
)

150

150

150

150

155

160

160

165

165

170

170

170

180

180

180

190

190

200

200

200

215

215

225

225

240

250

250

250

270

270

270

300

300

300

315

I.
D

.
(m

m
)

144.0

140.0

136.0

132.0

145.0

150.0

146.0

155.0

151.0

160.0

156.0

152.0

170.0

166.0

162.0

180.0

176.0

190.0

186.0

182.0

201.0

197.0

211.0

207.0

222.0

240.0

236.0

232.0

260.0

256.0

252.0

290.0

286.0

282.0

301.0

Table

Vo
l 

(m
L

)/
H

T
 (c

m
)

162.86

153.94

145.27

136.85

165.13

176.71

167.42

188.69

179.08

201.06

191.13

181.46

226.98

216.42

206.12

254.47

243.28

283.53

271.72

260.16

317.31

304.81

349.67

336.54

387.08

452.39

437.44

422.73

530.93

514.72

498.76

660.52

642.42

624.58

711.58

3.13 Duran Tubing (continued)

S

3.66

3.78

4.12

4.21

3.92

4.29

4.65

4.43

4.81

4.83

5.22

5.33

5.13

5.55

5.94

6.01

6.16

6.95

6.80

7.25

7.67

7.83

8.04

8.89

9.89

9.33

9.93

10.51

10.31

10.97

11.61

13.34

14.08

14.79

15.05

Vo
l 

(m
L

)
H

al
f 

Sp
he

re

781.73

718.38

658.54

602.13

798.13

883.57

814.76

974.91

901.36

1072.33

993.90

919.39

1286.22

1197.55

1113.05

1526.81

1427.27

1795.68

1684.64

1578.28

2125.97

2001.55

2459.33

2322.09

2864.36

3619.11

3441.16

3269.13

4601.39

4392.26

4189.58

6385.03

6124.44

5871.05

7139.51

P
ie

ce
s/

C
as

e

2

2

2

2

2

2

2

2

2

2

2

1

2

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

C
os

t 
($

)/
P

ie
ce

8

$126.73

$206.09

$284.84

$362.35

$214.09

$220.86

$305.14

$227.62

$314.36

$234.39

$325.44

$413.41

$124.89

$344.51

$438.02

$263.30

$365.42

$354.87

$493.67

$627.73

$531.52

$676.63

$556.76

$709.75

$758.64

$583.82

$809.94

$1,031.96

$631.10

$875.73

$1,118.30

$785.30

$1,090.70

$1,391.50

$1,145.81

30.6

51.7

73.3

95.4

49.9

48.3

68.5

46.8

66.3

45.4

64.3

83.6

42.8

60.6

78.7

40.5

57.3

38.4

54.3

70.5

50.4

65.4

48.1

62.4

58.4

30.6

43.2

55.9

28.3

39.9

51.7

25.4

35.8

46.3

34.1
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Table 3.13 Duran Tubing (continued)
O

.D
.

(m
m

)

315

325

325

L
D

.
(m

m
)

297.0

307

305.0

V
ol

 (
m

L
)/

H
T

 (
cm

)
692.79

740.23

730.62

s
+1

15.80

16.33

16.23

V
ol

 (
m

L
)

H
al

f 
S

ph
er

e

6858.64

7575.02

7427.94

P
ie

ce
s/

C
as

e

l

l

1

C
os

t (
$)

/
P

ie
ce

3

$1,464.98

$1,513.20

$1,676.23

a

44.1

42.7

47.6

al 996 prices.
bMaximum internal pressure is calculated on a variety of safety factors. One of these factors is sur-
face abrasion, which significantly lowers the potential pressure that a given tube can withstand.
The use of safety shields and wrapping the tubing with fiber tape is strongly recommended. For
more information see Sec. 1.1.12
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O

.D
.

(m
m

)

4
5
5

5
5
6
6
6
6

6
6
7
7
7
7
7
7
8
8
8
8
8
8
9
9
9
9
9
9

B
oo

r
(m

m
)

0.8
0.4
0.6
0.8
1.2
0.4
0.8
1.2

1.7
2.2
2.7
0.8
1.2
1.7
2.2
2.7

3.0
0.8
1.2
1.7
2.2
2.7
3.0
0.8
1.2
1.7
2.2
2.7
3.0

Table 3.14

V
ol

 (m
L

)/
H

T
 (

cm
)

0.006
0.003
0.005
0.006
0.009
0.003
0.006
0.009
0.013
0.017
0.021
0.006
0.009
0.013
0.017
0.021
0.024
0.006
0.009
0.013
0.017
0.021
0.024
0.006
0.009
0.013
0.017
0.021
0.024

J

+1

0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

0.002
0.002
0.002
0.002
0.002
0.002
0.002

Duran Capillary ^

V
ol

 (m
L

)
H

al
f 

Sp
he

re

0.002
0.000
0.001
0.002
0.007
0.000
0.002

0.007
0.021

0.045
0.082
0.002

0.007
0.021

0.045
0.082

0.113
0.002
0.007
0.021
0.045
0.082
0.113
0.002

0.007
0.021
0.045
0.082

0.113

P
ie

ce
s/

C
as

e

250
65

154
156
161
106
108
110
115
122
133
79
80
83
86
91

95
60
61
63
65
67

69
47
48
49
50
52
53

Wall Tubing

C
os

t (
$)

/
P

ie
ce

3

$1.18
$4.53
$1.91
$1.89
$1.83
$2.78
$2.73
$2.68
$2.56
$2.42
$2.22
$3.73
$3.68
$3.55
$3.43
$3.24

$3.10
$4.91
$4.83
$4.68
$4.53
$4.40
$4.27
$6.27
$6.14
$6.01
$5.89
$5.67
$5.56

M
a

x
in

t
P

re
s.

 (p
si

)b

M
in

 W
al

lc

661.8
732.5
716.1
694.7
639.1
738.1
703.6

661.8
595.2

517.2
432.8
716.3
685.4
635.2

574.8
507.3
464.5
724.5
700.8
661.8
614.0
559.4

524.1
730.0
711.3
680.2
641.6
596.8
567.6

3 1 1

713.0
745.4
737.2
725.2
690.2
746.7
736.9
714.3
671.9
616.5
551.4
740.2
723.1
690.8

647.9
596.3
562.1
742.4
729.0
703.6
669.5
627.9
600.0
743.9
733.2
712.8
685.0
650.9
627.8

a1996 prices.
bMaximum internal pressure is calculated on a variety of safety factors. One of these factors is sur-
face abrasion, which significantly lowers the potential pressure that a given tube can withstand. The
use of safety shields and wrapping the tubing with fiber tape is strongly recommended. For more
information see Sec. 1.1.12
cBecause of the ranges in O.D. and Bore dimensions of capillary tubing, these two columns repre-
sent the extreme minimum and maximum bursting pressures based on the resultant variations of
wall thickness.
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Cleaning Glassware

4.1 The Clean Laboratory

4.1.1 Basic Cleaning Concepts
Cleaning glassware* is the bane of chemistry; what gets dirty must get cleaned.
Remember though, just because something looks clean does not mean it is clean.
If you do not know if glassware is clean, wash it. It is better to take the few extra
minutes to be sure that something is clean than to spend hours on an experiment
only to have contamination cause bizarre or inconsistent results. Attempting titra-
tions with a base is futile if acid residues from a previous experiment were never
properly cleaned from a burette. Worse, it's possible for unintended combinations
of chemicals (and even water) to produce toxic fumes or explosions.

One common and simple test to determine the cleanliness of glassware is to
examine how well water "wets" the glass. Water will bead up on the walls of dirty
glassware, but on clean glass walls, it "sheets." This test by itself should not, how-
ever, be used as the sole criterion for clean glass.

Despite the aforementioned precautions, glassware needs to be only as clean as
is required for the work being done. Overcleaning, or incorrect cleaning, wastes
time, equipment, and money. You need to know your chemistry as well as the
equipment being used. For instance, acids can be catalysts for certain organic
reactions, therefore the use of an acid as a final rinse of your glassware will help
such a reaction. Conversely, using a base as a final rinse could prevent any reac-
tion from taking place. In addition, higher precision instrumentation requires
greater cleanliness. The glassware for an instrument that has the detection ability
of 0.1 ppm does not have to be as clean as an instrument with the detection ability
of 0.001 ppm.

Cleaning glassware is invariably a multistep process. If the contaminating mate-
rial can be removed by soap and water, at least two more steps will be required:
rinsing with water, followed by a distilled water rinse. If there is paniculate mate-

*This chapter deals exclusively with cleaning glassware. There are some guidelines and suggestions
on cleaning plasticware on page 90.
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rial on the glassware, it needs to be brushed or wiped off before other cleaning
processes begin. Similarly, organic solvents are used first to remove grease (i.e.,
stopcock grease) before water is used to remove salt deposits.

The basic tenet of cleaning is like dissolves like. Polar solutions dissolve polar
materials and vice versa for nonpolar solutions. Crystals cannot dissolve in oils,
and grease cannot be cleaned by water. Lubricants based on chlorofluorocarbons
require chlorofluorocarbon solvents for cleaning. Thus, for effective cleaning, you
must know what you are cleaning to have an effective plan of (cleaning) attack.

Borosilicate glassware (such as Pyrex or Kimex) is more chemically resistant
than soda-lime glassware. However, hydrofluoric acid, perchloric acid, and all
bases can react with borosilicate glass and strip the surface glass off layer by
layer. Given enough time, some organic tars and minerals in water can also react
with the surface of laboratory glass.

Objectively, the reason we clean glassware is to reuse the glassware. Because
some cleaning processes may dissolve glass, you need to be objective about which
cleaning process you choose, and on what items to use that cleaning process.
Glass dissolving is a cleaning process removing a layer of glass in a process called
stripping, and anything that was stuck to the glass is removed along with the glass.
Some glass strippers are far more aggressive than others, and they can do consid-
erable damage to glassware in a short time. This damage may include any mark-
ings on the glass such as calibration lines. Such destruction may be just a nuisance
in an item such as a beaker, but it can also make a volumetric flask absolutely
worthless.

Another problem with glass strippers is that they are typically oxide-selective.
Glass is composed of a combination of oxides. Because some of these oxides may
be more susceptible to specific chemical attack than others, the result is an uneven
surface. Such a pitted surface gets dirty easier, and is more difficult to clean, and
the greater surface area requires more time for removal of adsorbed gases (i.e.,
water) in vacuum systems.

It is obvious then that there is no single magic potion that can clean all glass-
ware. Cleaning laboratory ware is an art; and your knowledge of what solvents, or
combinations of solvents, to use for any given contaminant will improve with
experience.

The best time to clean glassware is just after use. The longer dirty glassaare
sits, the harder it is to clean. Fortunately there are often waiting periods in most
experiments when things that you are working on are cooling, heating up, or wait-
ing to react. These waiting periods are excellent times to clean glassware. If an
experiment has no waiting times, then try to have a large basin with a soapy water
solution for used glassware handy (assuming that the contaminants will not react
with soapy water). However, be sure the glassware is totally submerged; other-
wise, mineral deposits are likely to form on the glassware. Because mineral
deposits cannot be removed with soap and water, more complex (and more dan-
gerous) cleaning procedures will need to be used.

One common complication in laboratory cleaning is the proper rinsing of long
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Fig.4.1 Water flowing into narrow and wide containers.

and/or narrow pieces of equipment. This difficulty arises because once a narrow
item is filled up with water (or whatever the rinsing and/or cleaning solution), no
more liquid can enter the piece from its opening. As you can see in Fig. 4.1, any
extra liquid in these containers just falls off the top. If the item has a sufficiently
wide opening, there can be circulation within the piece. More specifically, this
principle is related to the force of the liquid, the viscosity of the liquid, the width
of the stream, and the width of the container.

Cuvettes and NMR tubes are two good examples of items that are difficult to
rinse properly because of their narrow designs. If a jet of water is strong enough
and narrow enough, it could enter, and rinse an NMR tube. However, such a.
stream is unlikely to be found in most laboratories. If a cuvett needs to be cleaned,
a cuvette cleaner [see Fig. 4.2(a)] provides the required deep cleaning. The same
goes for NMR tubes; an NMR tube cleaner [see Fig. 4.2(b)] provides deep rinsing
that ensures no residue. Without the ability to squirt a rinsing liquid to the bottom
of a tube, it is necessary to repeatedly fill up and pour (or shake) out the liquid
many times to ensure that the glassware is properly rinsed.

It is also possible to attach a flexible tube up to the distilled (or deionized) water

Rubber gasket
Rubber stopper

Support rod

V"7

(a)
(b)

Fig.4.2 (a) Cuvette cleaner and (b) NMR tube cleaner.
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source and add a pipette to the hose. By placing a pipette into test tubes, graduated
cylinders, or even separatory runnels (which are upside down to provide drain-
ing), fast and efficient rinsing can be achieved.

4.1.2 Safety
When cleaning glassware, each item should be handled one item at a time.
Although you may be able to hold several items in one hand, it is better to wash
one item at a time than to hurry and risk wasting time, equipment, and money (and
injury to yourself) which is caused by breakage. There are many ways to clean
glassware, but there is only one proper procedure, and that is to do it carefully.
Glassware will invariably bounce one time less than the number of times it hits a
hard surface. Star cracks (see Fig. 4.3), chipped edges, broken sections, or total
destruction are all possible results of the "final landing."

Broken glassware, aside from being a financial loss, is dangerous. Labs often
use beakers, funnels, graduated cylinders, and the like with chipped edges or bro-
ken ends. This practice is not safe, and many people have assumed that they could
not be cut only to regret their naive optimism. Often, by simply fire-polishing the
end of a chipped glass apparatus, you can salvage an item that would otherwise be
dangerous to use.

Because there are various "strengths" between each cleaner and any other,
cleaning glassware can be thought of as a stepwise procedure. That is, as you try
to clean something, you go from the least to the most powerful medium until the
glassware is as clean as required for the work you are doing. Although it may
seem that you would save time to only use the most powerful cleaner, that is not
always safe, environmentally sound, or economically wise.

One aspect of cleaning that can save considerable time and energy is remember-
ing that like dissolves like. Polar solvents can dissolve polar contamination far
more effectively than can nonpolar solvents. In addition, proper selection of sol-
vent material can avoid damaging the object you want to clean as well as prevent-
ing the introduction of possibly hazardous materials. For example, say you have a
plastic container with a stick-on label which, after it is removed, leaves a sticky,

Star crack

Fig.4.3 Star cracks are caused by hitting one point of a laboratory flask against a
hard surface with enough force to crack the glass, but not hard enough to destroy
the flask. The crack lines radiate from the point of impact. They frequently occur
in glassware left to roll loose in drawers.
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gummy glue. You might try a hydrocarbon solvent to remove the sticky material,
but, depending on the solvent, that may to damage the plastic container. However,
a light oil, such as WD-40® can dissolve and remove the adhesive.* The remain-
ing oil film can easily be washed off with soap and water.

Regardless of the cleaning process, you should always wear a basic minimum of
safety clothing. Lab coats do more than just protect your street clothes; if a dan-
gerous chemical spills on a lab coat, the coat can be easily taken off at a moment's
notice with no embarrassment. Street clothes often cannot be removed with equal
ease and modesty, and they can provide time for a toxic or dangerous chemical to
soak through to your skin.

Eye protection is also critical. Although glasses provide some protection, when
liquid splashes, it is seldom considerate enough to aim straight at the glass. Eye
goggles fit over glasses and provide protection not only from the front, but from
the top, sides, and bottom. If you wear contacts, it is strongly recommended to not
wear them in laboratory environments. Although the use of goggles should pre-
vent liquids from splashing your eye, it will not stop vapors. Contact lenses are
made from elastomers that are capable of adsorbing vapors, which would then be
in constant contact with the eye. Although the use of a fume hood will decrease
the danger, it is best to avoid the problem altogether.

Gloves are good protection when using acids or bases for cleaning, and they
should also be used with soap and water because they can offer, by removal,
immediately dry, clean hands whenever they are needed. They also permit using
much hotter water than can be used with bare hands. Typically, the hotter the
cleaning solution, the faster and more effective the cleaning. Unfortunately, most
gloves cannot be used with hydrocarbon solvents because they are likely to dis-
solve the gloves. It is difficult to protect hands from the drying effects of hydro-
carbon solvents. Although various hand creams are available to remoisturize
hands if necessary, it is best to try not to make contact with the solvents.

Never dispose of organic tars, Kimwipes, paper with organic residue, or other
solid material down a sink. Such materials should be placed in a waste container
labeled for laboratory wastes. Never dispose of used cleaning solutions of any
type down a sink without first checking with the safety officer. Different environ-
mental laws exist in each state and sometimes within separate counties, so it is
difficult to generalize about waste disposal too broadly.

*In general, as you go from left to right and from bottom to top in the periodic chart, you go toward
greater electronegativity. Compounds formed from elements with wildly differing electronegativities
are more polar.
*Likewise, one of the pitfalls of walking along a seashore beach is tar blobs sticking to the soles of
feet. Again, the selection of a strong hydrocarbon solvent is not advised because such solvents are
likely to dry out and/or damage human tissue, and some are carcinogenic. Surprisingly, common
baby oil is a wonderful solvent for tar blobs and will not harm the skin.
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4.1.3 Removing Stopcock Grease
Pre-preparation. Stopcock grease on a joint or stopcock must be removed before
adequate soap and water cleaning can begin. It is always best to remove excess
stopcock grease physically with a Kimwipe. Then, any film of stopcock grease
remaining can be removed with less solvent.

Organic greases (i.e., Apiezon) can easily be removed with halogenated hydro-
carbons, such as chloroform or methylene chloride. Methylene chloride is a minor
suspected carcinogen and is therefore safer to use than chloroform, which is defi-
nitely a suspected carcinogen and known cause of liver damage. However, both of
these are dangerous compounds and should be used in a fume hood. Acetone can
also be used, but is not very effective on most stopcock greases. Heating glass-
ware to about 400°C will also remove any organic greases. However, this heating
may cause any remaining inorganic material to burn into the surface of the glass,
which may prove very difficult to remove. Be sure to remove any Teflon items
before heating because burning Teflon fumes are extremely toxic.

Silicone grease can be mostly removed with pentane or methylene chloride, but
this technique leaves a film residue. Such a residue will not affect most chemical
reactions, but can wreak havoc for any future glassblowing work. It cannot be
stressed enough how completely silicone grease must be removed before any
glasswork is to be done. Silicone grease can be effectively removed with a base
bath (see Sec. 4.1.7), but this process is glass-destructive and should not be used
with any volumetric ware. These greases cannot be removed with heat because the
silicone itself will not burn off and any remains on the glassware can only be
removed with approximately a three-minute soak in 5% to 10% HF.

Fluorocarbon greases (Krytox) originally required a chlorinated fluorocarbon
for removal. In the last few years, it was found that an industrial solvent (such as
BH-38 from Spartan Chemical Co.*) can remove Krytox. Tests that this author
has conducted seem to show a film of some kind remains on the joint, so it is
unknown exactly how safe it is to heat a joint or stopcock that has been cleaned
with this technique. Do not use heat to remove Krytox because heating (> 260°C)
will produce fumes (lethal fluorine compounds, such as HF) that are highly toxic.
For more information on cleaning these greases, see Sec. 3.3.3.

4.1.4 Soap and Water
After the various greases are removed from the apparatus, it is then possible to

continue with soap and water cleaning. However, whether organic solvents were
used or not, glassware should be rinsed out first with a small amount of acetone
and then water, before being placed in a soapy water solution.

Material. There is a variety of powdered and liquid washing compounds avail-
able on the commercial market that, when mixed with water, provide excellent
cleaning. There are a few superconcentrated cleaners (that come as liquids) which

Their address is in Appendix C, Sec. C.4.
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are excellent for cleaning items by long-term soaking.
Preparation. Because there are as many different preparation techniques as

there are commercial brands, it is best to read the instructions on the container of
the cleaner you are using.

Use. Soap-based cleaning products are generally long-chain hydrocarbons that
are negatively charged at one end. The hydrocarbon end of the soap molecule does
not dissolve in (polar) water, but combines with other soap molecules to form
"sphere" like shapes called micelles. The outer surface of the "sphere" has a
charged end which allows it to freely associate within water. However, the hydro-
carbon end is still able to dissolve other hydrocarbons. Thus, one end can grab dirt
and the other end can grab water. Soaps and detergents do not make an oil soluble
in water, rather with the assistance of agitation they aid its emulsification.

Soaps and detergents make water "wetter" by lowering the surface tension of
the water. In doing so, less energy is required to lift dirt off whatever it is on.
Other agents within a cleaning solution may include materials that help emulsify
oily matter, soften water, solubilize compounds, control pH, and perform other
actions to assist the cleaning process.

In general, these cleaning compounds work better in warm or hot water. Some
scrubbing with a test tube brush, sponge, or the like, is usually needed, but some
of the liquid cleaners only require soaking the glassware overnight. Do not use
any rough-surfaced material (i.e., pumice, kitchen cleanser, rough plastic, or metal
scouring pads) that can scratch the glass. When glass is scratched, the rough sur-
face provides an easier surface for contaminates to adhere to and is therefore
much harder to clean (and maintain) in the future. This surface scratching is also
why you should never use abrasive scouring cleansers on new porcelain surfaces
in the home. If you do, you will destroy the surface and will have no recourse but
to scour away in all future cleaning. In addition to cleaning problems, abraded
surfaces make glass much easier to break.

Some people use a green scouring square, found in the kitchen on their glass-
ware. These are wonderful in scratching off dirt, contamination, glass, and porce-
lain. These should not be used in the kitchen or the laboratory. Any scrubber that
is identified as Teflon safe should be used in either the kitchen or the laboratory.
There is a yellow scouring pad from the Arden Corporation* that is Teflon safe
and that is particularly abrasive to dirt and leaves glass and porcelain untouched.

There is a nonabrasive scouring cleaner on the market called Bon Ami®. Most
other cleansers contain silica as the abrasive agent. Bon Ami contains feldspar and
calcium carbonate, which are softer than glass and therefore cannot scratch glass
surfaces.

After cleaning, copiously rinse glassware with tap water and follow with a
deionized (or distilled) water rinse. Let the glassware stand upside down for stor-
age or to dry. If your freshly washed glassware needs to be immediately dried for
an experiment, you may facilitate the drying by placing the glassware in a drying

*Their address is in Appendix C, Sec. C.4.
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oven. Alternatively, you may pour about 10 mL of reagent-grade acetone or meth-
anol into the glassware, swirl it around, and pour the remains into a container
labeled "used acetone" or "used methanol," which can then be used for future
cleaning.

Safety Considerations. You should always wear safety glasses. Because most
cleaning compounds can be drying to the skin, it would be wise to wear rubber
gloves. Also, wearing gloves allows the use of hotter water. Hot water can facili-
tate and improve the cleaning action of most cleaners.

Disposal. These soaps and detergents may all be washed down the sink. Some
of the older types contain phosphates and, due to environmental concerns, should
be phased out, or used as little as possible. Additionally some concentrated liquid
cleaners can be reused many times before they need to be disposed, so check the
instructions before you discard a cleaner.

4.1.5 Ultrasonic Cleaners
Ultrasonic cleaners can loosen dirt particles off the walls of solid material and are
essential if there is any particulate matter in small crevasses or corners where it
would be otherwise impossible to reach.

Ultrasonic cleaning works by emitting a series of very high-pitched sound
waves that create a series of standing waves in solution. The waves alternately
compress and decompress the cleaning solution. During the decompression stage,
the liquid outgasses and millions of tiny bubbles are formed. During the compres-
sion stage, the bubbles implode. This implosion (called cavitation) is the destruc-
tive force that loosens dirt particles.

To use an ultrasonic cleaner, immerse the item to be cleaned in the cleaning
solution within the device's tank. There are general-purpose and industrial-
strength cleaning solutions as well as specific cleaning solutions for jewelry,
oxides, and buffing compound removers. Turn the ultrasonic cleaner on for several
minutes, and see if your item is clean. If not, repeat the process and/or try an alter-
nate cleaning method. After an item has been cleaned, rinse as you would with a
soap and water wash.

Although uncommon, it is possible to damage glass items with ground sections
in an ultrasonic cleaner. This damage can occur when items are left too long in the
cleaner. Ground sections to be concerned about include ground joints, stopcocks,
and even the lightly etched dots on flasks and beakers (used for writing on). The
damage can range from simple cracks that radiate from the ground areas, to
chipped-off pieces of glass.

One of the obvious restrictions with ultrasonic cleaners is that the object to be
cleaned needs to be able to fit inside the cleaning tray. Commercial ultrasonic
cleaners can be as small as 3V2* diameter and 3~ deep to as large as 19 3/4" x 1\"
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4.1.6 Organic Solvents
There are three types of organic solvents that can be used for cleaning: nonpolar,
polar, and the halocarbons. They are all capable of removing adsorbed (soaked
into the walls of a container) contaminants.

Nonpolar solvents, such as hexane, can be used to dissolve nonpolar contami-
nants such as oils from glass.

Examples:
(various hydrocarbons)

Hexane

Ethane

Benzene

Polar solvents, such as the alcohols and ketones, are useful for the removal of
polar contaminants, but also attach to adsorbed sites and thereby limit the amount
of area available for undesirable materials. Thus, final rinses with polar hydrocar-
bons can be very beneficial.

Examples:
(various alcohols and ketones)

Ethanol

Methanol

Isopropanol

Acetone

Methyl ethyl ketone

Halocarbons, a class of polar solvents, are hydrocarbons with an attached halo-
gen. There are commonly three types of halocarbon solvents: those based on chlo-
rine, fluorine, and a combination of the two. They are all powerful degreasing
materials and can be particularly effective in removing polar contaminants from
glass. The chlorofluorocarbons are currently under review because they cause
environmental damage to the ozone layer.

Examples:
(various fluorocarbons, chlorocarbons, and chlorofluorocarbons)

Trichloroethylene

Perchloroethylene

Methylene chloride (dichloromethane)

Trichlorotrifluoroethane

By adding small quantities of a hydrocarbon polar solvent to a chlorofluorocar-
bon, the overall cleaning abilities of both may be substantially improved.

Pre-preparation. Ascertain whether the contamination is polar or non-polar.
Material. Dichloromethane or acetone are good places to start because of their
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costs and safety. If there is limited or no success with either of these solvents, try
other appropriate solvents.

Preparation. Be sure to remove any soaps or excess water that may be remain-
ing in the glassware.

Use. Always use the lowest grade (Technical) of any solvent when cleaning
glassware. Use 10 mL of a higher grade (Reagent) for a final rinse of the glass-
ware. If the solvent has a high boiling point, select a suitable (polar or nonpolar)
solvent with a low boiling point for the final rinse to facilitate evaporation.

Safety Consideration. Safety glasses should be worn. Because there is often a
high percentage of synthetic fibers in clothing, it is a good idea to wear a lab coat.
Many of the organic solvents used in the laboratory could damage your clothing.
Organic solvents should not come in contact with skin because they are drying to
the skin. Most organic solvents are irritating to some degree to most people. If an
organic solvent is trapped against your skin, such as between a ring and finger or
absorbed into clothing, the irritation will have a greater time to develop.

Keep in mind that a number of organic solvents are carcinogenic (i.e., carbon
tetrachloride and benzene in particular). Some may dissolve rubber gloves, so be
careful of that possibility. Always use organic solvents in a fume hood. The vapors
of many solvents can have minor to major health dangers. For instance, chloro-
form is a suspected carcinogen and known to cause liver damage. Chloroform
used to be used as an anesthetic by putting patients to sleep. With improper venti-
lation, one could pass out from the vapors. Most organic solvents are flammable
and should therefore be kept far from any open flame, sparks, or high heat
sources.

Disposal. Acetone and alcohol can be saved for future cleaning, or recovered by
distillation. None of the halogenated hydrocarbons should ever be poured down
the sink. If poured on a rag to wipe a stopcock, you may be able to leave the rag in
a fume hood to dry before disposing of the rag. However, such a rag may classify
as a toxic waste and may require special handling and disposal. There are many
laws that govern the disposal of organic solvents, so check with the safety coordi-
nator where you work for specific information.

4.1.7 The Base Bath
The base bath seems like an ideal cleaning method. You carefully lower your item
to be cleaned into the bath, let it soak for a period of time (about a half hour), take
it out, rinse it, give it an acid rinse, rinse it in water once again, then give it a dis-
tilled water rinse. The base bath is the preferred method of cleaning when silicone
stopcock grease is used, as it effectively removes that type of grease better than
any other cleaning method.

However, there are disadvantages to the base bath. First, it has some safety haz-
ards. The alcohol is a potential fire hazard, and the bath's alkalinity is caustic to
skin. The base bath is also a mild glass stripper. That is, instead of cleaning the
glassware, it actually removes layers of glass (and any adjoining contamination).
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Therefore, glassware should not soak in a base bath for an extended period of
time, and the base bath should never be used for volumetric ware.

Pre-preparation. Wipe off any excess stopcock grease with a Kimwipe tissue.
Then, clean any glassware covered with organic stopcock grease with an organic
solvent, dimethyl chloride is particularly good. Next, use the standard general
cleaning procedure with soap and water and/or a rinse with an organic solvent.

Material. Sodium hydroxide (NaOH) or potassium hydroxide (KOH) and ethyl
alcohol.

Preparation. Mix one liter of 95% ethyl alcohol with a solution of 120 g of
NaOH (or KOH) mixed in 120 mL of water.

Important note. A base bath can be stored in a plastic (OK) or stainless steel
(best) container.' This solution is highly basic, and as such it will dissolve a glass
container. The alcohol in a base bath is flammable, and it therefore presents a
problem for plastic containers that would be likely to melt or burn.

Use. Separate all ground joints and stopcocks before placing an apparatus into a
base bath, otherwise they may stick together so effectively that they will end up
inseparable. It is important to pre-remove as much as possible any remaining sili-
con grease. Any buildup of grease in one area and not another will cause uneven
stripping of the glass underneath. Place glassware (completely submerged) into
the base bath and let it soak about a half-hour.* (Because the bass bath can be
extensively reused, this time may be extended as necessary.) After removing any
apparatus from the bass bath, rinse with copious amounts of water. You may
choose to followed this with a brief soak in a 2-3 molar solution of nitric acid.
The acid soak will restore the hydroxyl groups on the glass surface and stop the
base attack on the glass. The glassware should then be re-rinsed in water follow
by a deionized water rinse. A final rinse of alcohol or acetone can be used to facil-
itate drying.

Base baths can be used over and over until they begin to show a decrease in
effectiveness. Between use, a base bath should be covered to prevent evaporation
and to prevent other glassware from inadvertently falling in.

It is also important to keep in mind that a base bath is completely ineffective
against any hydrocarbon or fluorinated grease. Therefore any attempts to clean
glassware with either of these grease types will result in no cleaning of the
"greased" area, nor removal of the grease. It will cause stripping of glass in any
submerged glass that is grease-free. With this in mind, there is a potential problem
with mixing silicon grease and any other grease type on the same apparatus with-
out thoroughly removing all traces of the previous grease. As long as the other
grease is a hydrocarbon grease, thoroughly cleaning the region with a halogenated

•Organic stopcock greases are insoluble in a base bath and will prevent the base bath from cleaning
any contamination beneath the grease.
fBecause a base bath can dissolve aluminum, do not even try to determine whether a particular alu-
minum alloy is acceptable or not. The simplest and safest route is to use a stainless steel container.
tlf for any reason you need to soak disposable glassware in a base bath, you will want to let it soak
for considerably less time as it is less resistant to chemical attack.



242 Cleaning Glassware

hydrocarbon solvent (for example, dimethyl chloride) should be sufficient before
a base bath soak. If there is a fluorinated grease (such as Krytox) mixed with the
silicon grease, see Sec. 3.3.3 for some suggestions on cleaning prior to any subse-
quent high-heating situations.

Safety Considerations. Safety goggles should be worn. A base bath is highly
caustic, so rubber gloves are a must. Since the primary liquid of a base bath is
alcohol, it is also highly flammable, so the bath must be kept away from open
flames, sparks, high heat sources, or anything that could ignite the solution.
Because a strong base can dissolve (strip) glassware, it is important not to let
glassware sit too long in the base bath.

The long-term effects of glass remaining in a base bath are as follows:
1. An etching (frosting) of the glass could increase the ability of contami-

nants to "cling" to the glassware. Etching provides more surface area
for dirt to cling to. Thus, it is more difficult to remove material from
etched glassware.

2. The ability of high-vacuum stopcocks to maintain a vacuum may be lost.

3. The ceramic decals on glassware (including volumetric marks) may be
removed.

4. Volumetric glassware is likely to exhibit increased volumes.

Disposal. As a base bath is used, it tends to lose volume both to evaporation and
to the small loss incurred each time an object is removed carrying some base bath
with it. The remaining base bath can be recharged by adding to it a new solution,
so disposal is seldom necessary. If you wish to dispose of the remaining solution,
as long as the base has been neutralized (check with litmus paper) and contains no
heavy metals, it can be rinsed down the sink. However, check with local environ-
mental and safety laws to see if any other concerns need to be addressed.

4.1.8 Acids and Oxidizers
Organic and carbonaceous materials can be easily removed with acids and oxidiz-
ers. In addition, other glass contamination, such as calcium and other alkali
deposits, can be effectively removed with hydrochloric acid (HCl). On the other
hand, because alkali deposits are removed from glass surfaces with this rinse,
there will be a more porous surface on the glass than before the rinse. This greater
porosity will mean greater water absorption and possibly greater cleaning prob-
lems in the future. This problem is more likely in porcelain containers and soft
glass than borosilicate glass.

Pre-preparation. Wipe off any excess stopcock grease with a Kimwipe tissue.
Then, clean any glassware covered with organic stopcock grease with an organic
solvent. Next there should be the standard general cleaning with soap and water
and/or a rinse with an organic solvent.

Material. Hydrochloric acid (HCl), sulfuric acid (H2SO4), nitric acid (HNO3),
or chromic acid (Chromerge®) (see the next section).
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Preparation. Acids can be used as straight concentrated solutions or diluted to
some degree with water. Some can be mixed (i.e., aqua regia: three parts hydro-
chloric and one part nitric acid). Another mixed solution is peroxysulfuric acid. It
is made by mixing a few milliliters (i.e., 5 mL) of concentrated H2SO4 with an
equal amount of 30% H2O2. Wanning (by steam) can often increase the effective-
ness of an acid or oxidizer.

Use. All acids must be used in a fume hood. Let the acid soak in the glassware
for a short (or long) period of time (as necessary). Swirling with a magno-stirrer
and/or heating the acid or oxidizer by use of a steam bath (do not use a direct
flame) can facilitate the action. Mineral deposits can often be removed by hydro-
chloric acid. Metal films can often be removed by nitric acid.

After cleaning with an acid or oxidizer and after rinsing with water, it is good
practice to use ammonia as a neutralizing rinse. This rinse should be done before a
second rinse is made with water, and a final rinse with distilled (or deionized)
water. The ammonia neutralizes the acid or oxidizer. However, if you are working
with organic compounds, it is better not to do an ammonia rinse because many
organic reactions are acid-catalyzed.

Safety Considerations. The use of a fume hood, eye protection, and protective
gloves are a must. Lab coats are also recommended because these acids can
destroy clothing and they can damage skin. If any acid gets in your eyes, wash
them copiously with water and seek medical attention. If you wear contacts, after
washing copiously with water, remove the contacts, rinse with more water, then
seek medical attention. Do not stop to remove contacts before rinsing with water.
The flushing water will probably remove your contacts for you. If you think you
might have accidentally spilled any acid on any part of your body, wash copiously
with soap and water just as a precaution. If you feel an itching or burning sensa-
tion after having worked with acids or oxidizers, wash the area copiously with
soap and water. If the itching or burning sensation continues, seek medical atten-
tion.

Disposal. As long as the acid does not contain chromium, or is not hydrofluoric
acid, it may be washed down the sink after proper neutralization.* Neutralization
is done by first diluting the acid with water to less than 1 M followed by adding
either solid sodium hydroxide or 5% sodium hydroxide while constantly mixing
the solution until the solution is approximately neutral. Any heavy metals that
may have been dissolved by the acid must be removed before disposal. The best
way to remove the metal is to participate the metal, neutralize the acid, and send
the metal participate to a proper waste facility.

*Both chromic acid and hydrofluoric acid disposal are dealt with in Sec. 4.1.9 and Sec. 4.1.10,
respectively.
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Any hazardous waste cannot be simply thrown away. Such materials must be
stored by the user and picked up by companies licensed to remove such materials.
For the sake of this planet, do not ignore environmental laws.

4.1.9 Chromic Acid
Because of the long history of chromic acid use and because of the current envi-
ronmental problems of heavy metals, chromic acid deserves separate comment.

Preparation. Mix 15-20 g K2Cr2O7 (potassium dichromate) and 50-100 ml
water to dissolve. Then, slowly add 900 mL of concentrated H2SO4 (sulfuric
acid). This solution gets very hot, so do not use a plastic container for mixing.

Use. Chromic acid effectively removes organic contaminants, and it has a long
history of good service. Chromic acid is, by many standards, an excellent cleaner.
By simply soaking your glassware in chromic acid, organic dirt and film deposits
are removed. It is safe for glassware to be left in chromic acid for extended peri-
ods of time. It can be used over and over until it begins to turn green (it provides
its own potency indicator). Chromic acid is safe for volumetric ware. It does not
have the same problems of the base bath of dissolving the glass (and changing the
volume) or of dissolving the ceramic lines on volumetric ware. There are, of
course, safety precautions for its use because of its strong oxidation potential.

Chromic acid use is not recommended if you are doing experiments in conduc-
tivity because the chromic ion can coat the walls of the glassware.

Because chromic acid can be reused, it is often kept in large glass containers. It
is important to keep a lid on the container that is (reasonably) air-tight. This con-
tainment is not so much for evaporation concerns, but rather because sulfuric acid
can absorb 30% of its weight in water, including water from the atmosphere. As it
absorbs atmospheric water, its volume changes, and it can overflow the container.

Disposal. Disposal is best done by reducing the dichromate to the insoluble
chromium hydroxide with a sodium thiosulfate solution. The process for neutral-
izing 100 mL of chromate solution is as follows:

1. Add sodium carbonate (about 180 g) slowly (while stirring) until the
solution is neutral to litmus paper (color goes from orange to green).

2. Re-acidify this solution with 55 mL of 3 M sulfuric acid (color returns to
green).

3. While continuously stirring, add 40 g of sodium thiosulfate
(Na2S2O3-5H2O). (The solution now goes to blue and cloudy.)

4. Neutralize the solution by adding 10 g of sodium carbonate. In a few
minutes, a blue-gray flocculent precipitate forms.

5. Filter the solution through Celite or let stand for one week and decant
the liquid. This liquid can be allowed to evaporate or be filtered
through Celite. Regardless, the remaining liquid contains less then
0.5 ppm of chromium and can be washed down the sink (check local
regulations).
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6. The solid residue should be packaged, labeled, and sent to a proper dis-

posal firm.

Alternatives. Fortunately, there are a variety of alternatives to chromic acid, so
its use is really unnecessary. Some homemade alternatives include:

1. Combining H2O2 and H2SO4 to make peroxysulfuric acid. This solution
does not have the convenience of a color change as it begins to lose its
oxidizing potential. On the other hand, it does not have any heavy
metals that are difficult to dispose of.

2. 3:1, a solution of three parts sulfuric acid to one part nitric acid.

Some commercial alternatives include:
1. Nochromix (Godax Laboratories, New York, NY 10013), the Nochromix

powder, is mixed with concentrated H2SO4. The clear solution turns
orange as the oxidizer is used up and therefore provides the same
"indicator" advantage of chromic acid.

2. Eosulf (Micro, International Products Corporation) contains EDTA (an
organosulfonate-based detergent), is nonacidic, has no toxic ions, and
is biodegradable, meaning that there are fewer acids to store and work
with; this significantly decreases hazardous chemical disposal.

3. Phosphate-based cleaning solutions do very well as surfactants, and
phosphate ions assist in solubilizing materials in polar solvents such
as water. Unfortunately, these same phosphate ions also cling to the
polar glass ions, cannot be easily removed, and interfere with some
biochemical assays. Even if phosphate contamination did not inter-
fere with your work, there are strong environmental concerns about
using phosphate-based cleaners and how to safely dispose of them.

Although many labs may continue to use chromic acid, there are enough other
choices for cleaning organics off glassware for it not to be essential for use. If
you use chromic acid, you may consider phasing out its use.

4.1.10 Hydrofluoric Acid

Hydrofluoric acid (HF) is an extremely dangerous but highly effective glass strip-
per. It is sometimes used as a cleaner because of its ability to remove (dissolve)
layers of glass off an item's surface. What remains underneath is very clean glass.
Two of the best reasons to use HF is glassware that has burnt inorganic materials
on its surface or glassware with contamination from radioisotopic work.

There are few occasions where HF is recommended over a safer glass stripper
or a base bath (see Sec. 4.1.7). The biggest demand for HF as a cleaner is to
remove burnt-on particulate matter from a glass surface. For example, if silicone

*Each with their own range of safety concerns.
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grease was left on glassware that went through an oven (> 400°C), the nonvolatile
remains of the grease are undoubtedly burnt into the surface. HF can be used to
remove burnt silicon grease remains, decal identification markings, and some
quantity of the glass. Thus, prolonged or repeated soaking of glassware in HF can
easily remove enough of a glass item to make it useless. Volumetric ware should
never be soaked in HF. It was found that cleaning a 100-mL flask with a 5% HF
solution for five minutes increased the flask's capacity by 0.04 mL.

Pre-preparation. All greases and oils must be removed before treating with
HF. Baking the glassware in an oven of at least 400°C is very effective for remov-
ing any organics and other volatile materials. However, such baking can burn inor-
ganics into the glass surface, requiring more extensive soaking in HF which, in
turn, could cause greater erosion of the glass.

Material. Hydrofluoric acid is available in plastic containers (in a concentration
of 48%-52%). These containers should always be stored in a fume hood. Never
store HF in glass containers.

Preparation. HF should not be used at full (bottle) strength (typically 48%). A
5% to 10% solution is best. Once prepared, it should be stored in a polyethylene
or other strong plastic container that can be closed. Because HF is a glass stripper,
do not store the acid solution in a glass container. HF, at any concentration, should
always be stored in a fume hood.

Use. It is important to wear gloves and safety glasses and to work in a fume
hood!! If you do not have all of these items for safe use of HF, do not use HF as a
cleaning material! Pour the diluted HF from its plastic storage container into a
plastic soaking tank (like a polypropylene beaker). Let the glassware soak in the
HF for anywhere from 30 seconds to two minutes. Rinse for at least one minute
(or five full flushes) with water. Then rinse with distilled or deionized water. The
HF can be reused many times until a decrease in effectiveness is obvious.

Safety Considerations. Always wear rubber gloves with long arm covers when
working with HF. It is hard to overemphasize how dangerous HF can be. One of
the dangers in getting dilute HF on your skin is that it may initially be no more
noticeable than water. If you get HNO3 on your skin, you know it instantly by the
burning sensation. That burning sensation is telling you something is terribly
wrong. Because of the seemingly inconsequential aspects of HF, you might be
inclined simply to rinse off any suspected HF. However, even with some washing,
you may not successfully remove all of the HF. If any HF gets on your skin, wash
with copious amounts of soap and water for 10 minutes. If you get any HF under a
fingernail, scrub thoroughly with a fingernail brush!! The treatment for an HF
burn under the fingernail invariably includes removal of the fingernail. Once in the
skin, HF spreads throughout all the surrounding tissue. Hydrofluoric acid burns
can look similar to those of fire burns, but the development is in slow motion and
can eat through to the bone. Remember, HF travels through body tissues doing
damage to those tissues as it travels. If HF gets in the eye, blindness is highly
probable. Always wear protective goggles when using HF.

The fumes from HF are also very dangerous and can cause burn blisters on the
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linings of the lungs. Although not pleasant, HF is not as sharply irritating to
breathe as other strong acids (such as HNO3), and you may not think to be
repelled. Always use HF in a fume hood.

One safety trick is to add to your total HF solution about one or two percent
nitric acid. This addition will not assist the cleaning properties to any significant
amount, but it will add more effective warning characteristics to both the odor and
any accidental skin contact. This practice is similar in concept to the addition of
hydrogen sulfide to methane.

Disposal. Although HF is an acid, it cannot simply be neutralized and washed
down the sink because the fluorine in the acid will attack any aluminum in the
plumbing. Thus, HF, like chromic acid, requires special handling. A 5% solution
of HF can be safely treated by mixing with a 1:1 ratio of the following solution :

2 g aluminum nitrate (A1(NO3)3-2H2O)

0.8 g Ca(OH)2

1 liter of water

After mixing the HF and the above neutralizing solution in a 1:1 ratio, the
resultant mixture can then be poured down the sink.

Extra Tip: For an extra-tough stain, use a mixture of 3 mL of storage bottle
strength (49%-52%) hydrofluoric acid to 100 mL of concentrated nitric acid. This
solution should be used for only a minute or two at most and must be done in a
fume hood. Use the same safety considerations that you would use for standard
hydrofluoric acid.

Hydrofluoric acid alternative. Hydrofluoric and perchloric acid both aggres-
sively attack glass. Because of the speed of attack on glass as well as the signifi-
cant danger with working with either acid, Occasionally it may be safer (and
easier) to a less agressive glass stripper. Ammonium hydrogen difluoride
((NH4)HF2) (a.k.a. ammonium bisulfate) has shown to be an appropriately
aggressive glass stripper that provides safer (longer) "soaking" time and is much
safer to use. To prepare a solution of ammonium bisulfate for glass "cleaning,"
dissolve approximately 240 - 250 grms of ammonium bisulfate into four liters of
distilled water. It must be stored in a plastic (polyethylene is best) or metal con-
tainer.

Soaking times can range from ten minutes to a half hour depending on the
degree of contamination and the freshness of the solution. All grease must be
removed prior to any soaking as this solution will not be able to remove the
grease, and the grease will prevent the solution from making contact with the
glass. Just because this is considered a "safer" glass stripper, it doesn't mean
safety considerations can be ignored. Gloves, eye protection, proper clothing are
still a must for using this material.

This solution can be reused till it shows significant signs of impaired perfor-
mance. It can be disposed of by mixing in some slacked lime (calcium hydroxide
Ca(OH)2) till any fizzing stops. The calcium and fluoride will combine to form
solid CaF2 which is inert and safe to throw out. Do not use sodium or potassium
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hydroxide (Na(OH)2 or K(OH)2) because sodium and potassium fluorides are
highly poisonous.

4.1.11 Extra Cleaning Tips
Cleaning Fritted Filters. Because of the nature of fritted glass, its cleaning
requires special mention. Fritted glass is crushed glass (Ace Glass uses crushed
glass fibers) separated by size, compacted together, then heated until the pieces
stick together. Because the structure is loosely connected, the frit maintains its
porous nature, which provides the frit its filtering abilities.

Because different materials get onto and in a frit, different cleaning processes
are required to clean a frit. For this reason, storage is an important aspect of frit
cleaning. If you know what got on a frit, you know how to clean it. Keeping a frit
in a clean, dry, and dust-free area will simplify your cleaning needs. Before a frit-
ted filter is first used, it should be rinsed with hot sulfuric acid and then with dis-
tilled water until the filtrate is neutral in pH. This procedure will remove any glass
particles and dust that may be on the new frit.

After a frit has just been used, it is important to flush it immediately with dis-
tilled water in the opposite direction that it was used. Then proceed with a chemi-
cal cleaning. Once the fritted glass is cleaned, rinsed, and dried, store it in a clean,
dry, and dust-free area. Some suggested contamination and appropriate cleaning
solutions are as follows :
• Fats; Carbon tetrachloride
• Silver chloride; Ammonia
• Albumen; Warm ammonia or hydrochloric acid
• Nitric acid: Hot hydrochloric acid with potassium chlorate
• Barium sulfate: Hot concentrated sulfuric acid
• Organic materials: Potassium permanganate

• General cleaning: Potassium permanganate^
Because of the effects of basic solutions on glass, never let a basic solution

(such as NaOH or KOH) remain in contact with a fritted glass filter. Rinse with
hydrochloric acid and then with distilled water until the filtrate is neutral in pH.

Removing Tungsten from Glassware. A dark film of tungsten is often
deposited on the walls of components of glass vacuum systems having tungsten
filaments. This deposit hinders observation within the glassware and can also
cause an increase in wall temperature.

Although a solution of HF, or a mixture of HF and HNO3, can remove the tung-
sten stain, it also removes some of the glass, which can etch the glass and thereby
increase pumping time due to increased surface area. If the HF solution is left too

*Treat the filter with a 1% aqueous solution of potassium permanganate followed by a few drops of
concentrated sulfuric acid. The heat of the reaction will increase the oxidizing power of the mixture.
tTreat the filter with a 1% aqueous solution of potassium permanganate followed by a few drops of
concentrated sulfuric acid. The heat of the reaction will increase the oxidizing power of the mixture.
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Flask

Beaker

Fig.4.4 Removing tar from a flask.

long, the glass can become dangerously thin for a vacuum system.
A tungsten coating can be removed quite successfully with a hypochlorite solu-

tion (Clorox bleach, for example). A black opaque coating can be removed in a
few minutes, and, if the solution is warmed, the process is even faster. The solu-
tion can be reused many times.

Removing Tar from Distillation Flasks. As mentioned in the beginning of
this section, the best time to clean glassware is immediately after it is used. The
hardest glass pieces to clean are those that have been left for someone else to
clean. Tar, however, is always hard to clean and is always left for last (which also
makes it more difficult to clean). A simple solution for cleaning tar from the bot-
tom of flasks is to invert the flask into a beaker of acetone and let the vapor of the
solvent dissolve the tar (see Fig. 4.4). This technique can remove most of the tar
deposit in a few hours. It can be hastened by heating the solvent in a steam bath
(do not use an open flame).

The trick to this technique is getting the solvent into the neck of the upside-
down flask. One method is to lightly heat the flask before inserting it into the sol-
vent. Then, as the flask cools, the solvent will be drawn into the flask. Perhaps the
simplest method is to place a flexible tube into the neck to allow air out of the
flask as it is inverted into the beaker (be sure the tube is not soluble in the solvent).

4.1.12 Additional Cleaning Problems and Solutions15

In the following cleaning procedures, all work should be done in a fume hood,
hand and eye protection should be worn, and a lab apron is recommended. After
cleaning, an item should be thoroughly rinsed in water followed by a rinse in dis-
tilled water. If an item needs to be dried, a final rinse in reagent-grade methanol,
ethyl alcohol, or acetone can be used.

Iron Stains. Equal parts hydrochloric acid and water should be used.
Mercury Residue. Use hot nitric acid. The acid used should be collected and

returned to your safety supervisor because it now contains a heavy metal and
should not be rinsed down the sink under any circumstances.
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Permanganate Stains. Use concentrated hydrochloric acid or a saturated solu-
tion of oxalic acid at room temperature.

Bacteriological Material. Soak the glassware in a weak Lysol® solution, or
autoclave in steam. A number of sources recommend soaking the glassware in a
2% to 4% cresol solution. However, the EPA has recently identified cresol as a
hazardous material. Because other options are readily available (see Sec. 4.1.1
through Sec. 4.1.9), there is no reason to use the material. If you have any cresol,
contact a hazardous materials disposal firm in your area for removal.

Albuminous Materials. Soak in nitric acid.
Carbonaceous Materials. Soak in a solution of equal parts sulfuric and nitric

acid. Be aware of the possible formation of dangerous compounds when organic
material is present.

Magnesium Oxide Stains. Instead of HC1, try a 20% to 30% solution of
sodium bisulfite (NaHSO3). Because an acid is not being used, SO2 is not liber-
ated.14

4.1.13 Last Resort Cleaning Solutions15

The following solutions should only be used as last resorts for cleaning glassware
because of the dangers each present. Each is meant to be used as a soaking solu-
tion for glassware and should be left in a fume hood at all times. After soaking,
rinse off the solution with copious amounts of water. Before using any of the fol-
lowing materials, strongly consider whether the glassware is worth cleaning.

Alkaline Peroxide. This material is good for removing organics.
Place 100 g of NaOH (sodium hydroxide) into a 500-mL glass beaker. Slowly

add 250 mL of water. This solution will get hot (120°C), bubble, and fizzle.
Therefore gloves and eye protection are a must.

This material can etch glass if it is left to soak for an extended period of time,
therefore you might wish to select an old, worn beaker in which to do the mixing.
You must use a glass beaker because of the exothermic reaction that is created
when the mixture is first mixed.

If this solution is in a container and allowed to get cold, it can begin to deposit
out of solution. The solid can be removed by slowly adding water or a dilute acid.

Alkaline Permanganate. This material is good for removing siliceous deposits
and acidic crud.

Place 500 g to 1 kg of NaOH (Sodium Hydroxide) in a 5-liter beaker. Add 4 V2

liters of water. Once dissolved, add 50 mg of KMnO4 (potassium permanganate).
This solution will be purple and, after leaving it overnight to allow it to become
active, will turn green.

This mixture can be used up to one year. It should be covered to reduce evapora-
tion. During that time some water will evaporate leaving a brown crust of MnO^
This crust can be knocked back into the remaining solution. If too much water has
evaporated, simply add water to original levels. If the solution leaves a brown
deposit on glassware, the deposit can be removed with HC1 (hydrochloric acid).
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Besides damaging skin tissue, this solution can also stain skin, so be sure to use
gloves.

Fuming Sulfuric Acid. This material is good for a wide variety of contami-
nants.

Use a small amount of heated sulfuric acid in a fume hood. Roll the item around
so the acid comes in contact will all areas of the piece. Unless the item needs to
soak (for example, 30 minutes of soaking time is recommended for the removal of
silicone grease), immediately empty the glassware and rinse. Although more dan-
gerous to use than a base bath, this technique can be used to remove silicone
grease from volumetric ware without concerns about altering the volume of volu-
metric ware.

References
1. F. Sherwood Rowland, "Chlorofluorocarbons and the Depletion of Stratospheric

Ozone," American Scientist, 77, pp. 36-45 (1989).

2. Margaret-Ann Armour, "Chemical Waste Management and Disposal," Journal of
Chemical Education, 65, pp. A64-8 (1988).

3. Ibid, Ref. 2.

4. P.L. Manske, T.M. Stimpfel, and E.L. Gershey, "A Less Hazardous Chromic Acid
Substitute for Cleaning Glassware," Journal of Chemical Education, 67, pp.
A280-A282 (1990).

5. L. Holland, The Properties of Glass Surfaces John Wiley & Sons, Inc., New York,

1964, p. 295.

6. Dr. Cathy Cobb, personal communication.

7. Pope Pacers (a publication of Pope Scientific), Menomonee Falls, WI 53052, March

1966, p. 17.

8. James Merritt, personal conversation, Nov. 1996.

9. National Research Council, Prudent Practices for Disposal of Chemicals from Labo-

ratories, National Academy Press, Washington D.C., 1983, p. 86.

10. Ibid, Ref. 7, p. 15.

11. R.W. Burns, "To Remove Stains of Evaporated Tungsten from Inside of Glass Enve-
lopes," Review of Scientific Instruments, 44, p. 1409 (1973).

12. E.J. Eisenbraun, "Solvent Saving Procedure for Removing Tar from Distillation

Flasks," Journal of Chemical Education, 63, p. 553 (1986).

13. Kontes Catalogue, 1989, p. XIV.

14. R.E. Schaffrath, "A Suggestion for Cleaning Glassware Coated with MnO2," Journal
of Chemical Education, 43, p. 578 (1966).

15. . P. Page, "Cleaning Solutions for Glassware," British Society of Scientific Glassblow-
ers Journal, 27, p. 122 (1989).





Compressed Gases

5.1 Compressed Gas Tanks

5.1.1 Types of Gases
A gas is defined as any material that boils within the general ranges of STP stan-
dard temperature (25°C) and Pressure (I atmosphere).* Although there are many
compounds that satisfy these conditions, only 11 elements do, and these are
argon, chlorine, fluorine, helium, hydrogen, krypton, oxygen, neon, nitrogen,
radon, and xenon.

There are two major groups of gases. The first group is known as the non-lique-
fied gases (also known as cryogenic gases). These gases do not liquefy at room
temperatures nor at pressures from 25 to 2500 psig. They liquefy at very low tem-
peratures (-273.16°C to ~ -150°C). The second group of gases, known as the liq-
uefied gases, can liquefy at temperatures easily made in the laboratory (-90°C to ~
-1°C) and at pressures from 25 to 2500 psig. These gases become solid at those
temperatures at which the cryogenic gases become liquid. Carbon dioxide (dry
ice), generally considered a liquefied gas, could also be known as a solidified gas
as it does not have a liquid state at STP.

As far as gas physics goes, there are only these two types of gases. However, the
shipping industry has a third classification known as the dissolved gases. Acety-
lene is a dissolved gas, whic.h without special equipment, can explode at pres-
sures above 15 psig. Because of this property, efficient shipping of this gas
becomes almost impossible. To avoid this problem, the gas is shipped dissolved in
acetone and placed in cylinders that are filled with an inert, porous material.
Under these special conditions, acetylene can be safely shipped at pressures of
250 psig.

Gases are stored and shipped in a compressed state in cylinders designed to
withstand the required pressure. The cryogenic gases, such as oxygen and nitro-
gen, are shipped in both liquefied and gaseous states, but the liquid state requires
expensive equipment. Other gases, such as propane, are typically shipped and

*A vapor is a gas that is near its condensation point within the general range of STP.
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stored in their liquid states. The region above a liquefied gas is an area called the
head space, which is the gas form of the liquefied gas. The pressure of the gas in
the head space depends on the vapor pressure of the gas, which, in turn, depends
on the temperature of the liquid gas. The greater the temperature of the liquefied
gas is and the greater the amount of gas released from the liquid, the greater the
pressure in the head space. If the pressure is sufficient, the container can rupture.
To prevent this, all tanks have some sort of pressure release valve that release
excess pressure at some determined value.

To control the rate of flow and releasing pressure, gases are released from com-
pressed gas cylinders by regulators (see Sec. 5.2) at a user-defined pressure. A
regulator can display the amount of gas remaining in a compressed gas tank (in
cubic feet of gas), but not in a liquefied gas tank.

The remaining liquid gas in a tank can be estimated by observing any floats that
may exist [most commonly seen in cryogenic tanks (see Sec. 6.2.10)], but it can
always be accurately determined by weighing the tank. First you must subtract the
weight of the empty tank by the weight of the partially filled tank (known as the
tare weight*) to determine the weight of any remaining liquid. Then you divide the
difference by the weight of the liquid gas per liter to calculate the remaining vol-
ume.

Tank-weighing should be done with everything you plan to use with it (i.e., reg-
ulators, tubing, and so forth) attached, making sort of a "ready-to-use tare
weight." This ready-to-use weight means you do not have to strip the tank of all
equipment to make remaining gas determinations. Otherwise, if it was originally
weighed without a regulator but later weighed with one, you might assume that
you have more gas than really exists.

5.1.2 The Dangers of Compressed Gas
Compressing a gas allows a lot of gas to exist in a small amount of area for trans-
portation, storage, and use. It is physically easier to deal with a compressed, gas
tank that is 9 in. in diameter and 51 in. tall than to store the approximately several
hundred cubic feet1^ of gas contained within.

Regardless of the inherent danger of any given gas, once a gas is compressed its
potential for danger takes on a completely different light. A completely safe gas
compressed in a container at some 2000 lb/in.2 could act like a bomb if improp-
erly handled! Your safety, and the safety of your equipment, is therefore depen-
dent on:

1. The quality of the maintenance and construction of the compressed gas
cylinders

*A11 tanks that require weighing for volume content have their tare weight stamped on the side of the
tank. This weight is exclusively the tank and does not include any regulators, valves, straps, or other
fittings the user may have added.
fA tank of this size will contain (for example) 282 cu ft of oxygen, 257 cu ft of nitrogen, or 290 cu ft
of ultrapure argon.
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2. The materials and equipment selected to be used with the compressed
gases

3. The proper use of the compressed gas cylinders and associated equip-
ment

The first two points of the above list can best be controlled by strict industry
standards and the conscientious matching of equipment to the needs and demands
of the user. The third requires education, and unfortunately the user often does not
have the opportunity (or desire) to learn everything there is to know about how to
use compressed gases safely. Therefore, there have been a variety of industry-
standard "idiot-proof controls to minimize the possibility of mistakes. To make
compressed gas cylinders consistently safe, reliable, and as idiot-proof as possi-
ble, these strategies took the study, analysis, and deliberation of at least 18 differ-
ent private and governmental agencies (see Table 5.1).

The first level of safety for quality and control is the construction of compressed
gas cylinders. The specifications for their construction in North America is
denned by Department of Transportation (DOT) and Canadian Transport Com-
mission (CTC) regulations. Cylinders are made from carbon steel or alloy steel
with seamless, brazed, or welded tubing that is formed by billeting (drawing flat

Table 5.1 Agencies involved
in Standardization of Compressed Gas Tanks

American Gas Assoc.

American Petroleum Inst.

American Society for Testing and Materials

American Welding Society

Association of American Railroads

Canadian Transport Commission (CTC)

Compressed Gas Association (CGA)

Compressed Gas Manufacturer's Assoc. Inc.

Connections Standards Commission of the CGA (This was first known as the Gas Cylinder
Valve Thread Commission of the CGA. Later it became the Valve Standards Com. of
the CGA, and in 1971 it received its current name.)

Department of Transportation (DOT)

Interdepartmental Screw Thread Commission

International Standards Organization (ISO)

National Institute of Standards and Technology (This is the new name of the National Bureau
of Standards)

National Fire Prevention Assoc.

Standards Associations (representing Great Briton, Canada, and the U.S.)

U.S. Army

U.S. Dept. of Commerce

U.S. Navy
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sheets to a cylindrical shape) or by using punch-press dies. Ends are sealed by
forging or spinning at great heat. Alternatively, closed ends are drilled out and a
metal piece is plugged into the hole. In the United States, one tank design can be
used for a variety of gases (except for acetylene). In Europe, a tank can only be
used for the gas it was designed for.

Generally, cylinders that are broad and squat in contour are for low-pressure
service, such as the propane tanks used on automobiles or with campers. Those
that are tall and thin are generally used for high-pressure containment, such as for
oxygen, hydrogen, or nitrogen.

A series of letters and numbers are stamped on the shoulders of compressed gas
tanks (see Fig. 5.2) to provide coded information for tank inspectors. These num-
bers tell under what codes the tank was made, the manufacturer, service pressure,
serial number of the tank, and when it was last inspected and by whom. The man-
ner in which the codes are laid out varies, and it may be difficult for an untrained
person to interpret. However, to the compressed gas industry, they are important
for preventing mistakes from the misuse of the containers.

5.1.3 CGA Fittings

To prevent gases from being attached to the wrong system, the Compressed Gas
Association (CGA) implemented a variety of different fittings for attaching a reg-
ulator to a compressed gas tank. These fittings prevent a user from accidentally
taking a regulator that is used (for example) for nitrogen and attaching it to a
hydrogen tank. By itself, such an attachment may not seem too bad, but if the
nitrogen regulator was already connected to a system expecting nitrogen, the con-
sequences of hydrogen could be dramatic.

Table 5.2 lists a number of gases and the appropriate CGA fittings or threaded
connections that a regulator must have to be attached to a tank of such a gas (in
this table, when a second CGA number follows a first entry, it is the CGA fitting
for a lecture bottle). Alternatively, if you have a regulator and want to know what
gases it can be used with—or what other gases use the same regulator—see Table
5.3.

If, after looking at Table 5.2 or Table 5.3, you wish to know what a fitting looks
like, Fig. 5.2 illustrates the 15 most common CGA fittings used on full-sized com-
pressed gas tanks within the laboratory. Please note that right-handed threads
close with CW rotation, and left-handed threads close with CCW rotation. Left-
handed thread fittings can be easily identified by the notch on the closing nut (see
Fig. 5.2) as opposed to right-handed fittings, which are notchless.

Never spray or drip oil onto compressed tank cap threads to ease removal or to
replace the tank cap. Minimally, the oil could contaminate the CGA fitting, but oil
near compressed oxygen can explode! If you are unable to remove or replace a
tank cap, obtain help from the manufacturer or the distributor of the compressed
tank.
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Fig. 5.2 An example of a compressed gas tank with cap.

5.1.4 Safety Aspects of Compressed Gas Tanks
Sections of a compressed gas tank are designed to provide safety for potentially
abusive conditions. The most common structural protection is the tank cap, which
is placed over the valve, then screwed onto the threaded neck of the compressed
gas tank (see Fig. 5.2). In addition, you can obtain separate foot-rings that help a
cylinder stand up, along with protective girdles for around the valve area.

Tank caps can occasionally be difficult to remove. The easiest way to remove
one is to insert a large screwdriver a short way into the tank cap hole (see Fig.
5.2), being careful not to make contact with the main tank valve stem. Using the
screwdriver as a lever, it is simple to remove a tank cap (the cap should be rotated
so the right side of the cap is rotating away from the observer). Sometimes it may
be easier to place two screwdrivers (one in each hole). This provides equal lever-
age on both sides. Never use this technique to tighten a tank cap. Simply screwing

Table 5.2 Common Laboratory Gases

The Gases and Connectors

Acetylene
Connection 510

Air
Connection 590 or 170

AUene
Connection 510 or 110

The Gases and Connectors

Ammonia, anhydrous
Connection 204/705 or 180

Ammonia, electronic
Connection 660

Argon
Connection 580 or 180

Arsine
Connection 660
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Table 5.2 Common Laboratory Gases (continued)

The Gases and Connectors

Boron trichloride
Connection 660 or 180

Boron trifluoride
Connection 330 or 180

Bromine pentafluoride
Connection 670

Bromine trifluoride
Connection 670

Bromotrifluorethylene
1/8" National Pipe Thread male outlet
needle valve 112A

Bromotrifluoromethane
Connection 320

1,3-Butadiene
Connection 510 or 170

Butane
Connection 510 or 170

1-Butane
Connection 510

2-Butane
Connection 510

Butenes
Connection 510 or 170

Carbon dioxide
Connection 320 or 170

Carbon monoxide
Connection 350 or 170

Carbon tetrafluoride
Connection 320

Carbonyl fluoride
Connection 660

Carbonyl sulfide
Connection 330 or 180

Chlorine
Connection 660 or 110

Chlorine trifluoride
Connection 670

Chlorodifluoromethane
Connection 660

Chloropentafluorethane
Connection 660

The Gases and Connectors

Chlorotrifluoroethylene
Connection 660 or 170

Chlorotrifluoromethane
Connection 320

Cyanogen
Connection 660

Cyanogen chloride
Connection 660

Cyclopropane
Connection 510 or 170

Deuterium
Connection 350 or 170

Diborane
Connection 350

Dibromodifluoromethane
Connection 660

1,2-Dibromotetrafluoroethane
Shipped in cans, no CGA fitting needed

Dichlorodifluoromethane
Connection 660

Dichlorofluoromethane
Connection 660

Dichlorosilane
Connection 678

1,2-Dichlorotetrafluoroethane
Connection 660

1,1 -Difluoro-1 -chloroe t hane
Connection 660

1,1 -Difluoroe thane
Connection 660

1,1 -Difluoroethy ene
Connection 320

Dimethyl ether
Connection 510 or 170

2,2-Dimethylpropane
Connection 510

Dimethylamine
Connection 705 or 180

Ethane
Connection 350 or 170
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Table 5.2 Common Laboratory Gases (continued)
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The Gases and Connectors

Ethyl chloride
Connection 510 or 170

Ethylacetylene
Connection 510

Ethylene
Connection 350 or 170

Ethylene oxide
Connection 510 or 180

Fluorine
Connection 679

Freon® 12 (Dichlorodifluoromethane)
Connection 660 or 170

Freon® 13 (Chlorotrifluoromethane)
Connection 320 or 170

Freon® 13B1 (Bromotrifluoromethane)
Connection 320 or 170

Freon® 14 (Tetrafluoromethane)
Connection 320 or 170

Freon® 22 (Chlorodifluoromethane)
Connection 660 or 170

Freon® 23 (Fluoroform)
Connection 320 or 170

Freon® 114 (2, 2 Dichlorotetrafluoroet-
hane)
Connection 660 or 170

Freon® 116 (Hexafluoroethane)
Connection 320 or 170

Germane
Connection 350/660

Helium
Connection 580 or 170

Hexafluoroacetone
Connection 660

Hexafluoroethane
Connection 320

Hexafluoropropylene
Connection 660 or 170

Hydrogen
Connection 350 or 170

Hydrogen bromide
Connection 330 or 180

The Gases and Connectors

Hydrogen chloride
Connection 330 or 110

Hydrogen cyanide
Connection 660

Hydrogen fluoride
Connection 660 or 180

Hydrogen iodine
Connection 330 or 180

Hydrogen selenide
Connection 660

Hydrogen sulfide
Connection 330 or 110

Iodine pentafluoride
No CGA fitting needed

Isobutane
Connection 510 or 170

Isobutylene
Connection 510 or 170

Krypton
Connection 580

Methane
Connection 350 or 170

Methyl bromide
Connection 320 or 170

3-Methyl-l-butene
Connection 510

Methyl chloride
Connection 660 or 170

Methyl fluoride
Connection 350 or 170

Methyl mercaptan
Connection 330 or 110

Methyl vinyl ether
Connection 290

Methylacetylene
Connection 510

Monoethylamine
Connection 240/705

Monomethylamine
Connection 204/705 or 180
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Table 5.2 Common Laboratory Gases (continued)

Nitrogen
Connection 580 or 170

Nitrogen dioxide
Connection 660

Nitrogen trifluoride
Connection 679

The Gases and Connectors

Neon
Connection 580 or 170

Nickel carbonyl
Connection 320

Nitric oxide
Connection 660

Nitrogen trioxide
Connection 660

Nitrosyl chloride
Connection 660

Nitrous oxide
Connection 326 or 170

Octofluorocyclobutane
Connection 660 or 170

Oxygen
Connection 540 or 170

Oxygen difluoride
Connection 679

Ozone
Connection 660

Perchloryl fluoride
Connection 670

Perfluoro-2-butene
Connection 660

Perfluorobutane
Connection 668

Perfluoropropane
Connection 660 or 170

Phosgene
Connection 660

Phosphine
Connection 350/660

Phosphorous pentafluoride
Connection 330/660 or 180

The Gases and Connectors

Phosphorous trifluoride
Connection 330

Propane
Connection 510 or 170

Propylene
Connection 510 or 170

Silane
Connection 510

Silicon tetrafluoride
Connection 330 or 180

Sulfur dioxide
Connection 330

Sulfur hexafluoride
Connection 590

Sulfur tetrafluoride
Connection 330 or 180

Sulfuryl fluoride
Connection 660

Tetrafluoroethylene
Connection 350

Tetrafluorohydrazine
Connection 679

Trichlorofluoromethane
Comes in drums with a 3/4" female outlet

l,l>2-Trichloro-l,2,2-trifluoroethane
Comes in drums with a 3/4* female outlet

Trimethylamine
Connection 204/705 or 180

Vinyl bromide
Connection 290 or 180

Vinyl chloride
Connection 290

Vinyl fluoride
Connection 320

Vinyl methyl ether
Connection 290 or 180

Xenon
Connection 580 or 110
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Table 5.3 Common Laboratory CGA Regulators
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CGA Fittings and Gasses

110

170

Allene

Chlorine

Hydrogen chloride

Hydrogen sulfide

Methyl mercaptan

Xenon

Air

1,3-Butadiene

Butane

Butenes

Carbon dioxide

Carbon monoxide

Chlorotrifluoroethylene

Cyclopropane

Deuterium
Dimethyl Ether

Ethane

Ethyl chloride

Ethylene

Freon® 12

Freon® 13

Freon® 13B1

Freon® 14

Freon® 22

Freon® 23

Freon® 114

Freon® 116

Helium

Hexafluoropropylene

Hydrogen

Isobutane

Isobutylene

Methane

Methyl bromide

Methyl chloride

Methyl fluoride

Neon

CGA Fittings and Gasses

180

240

290

320

Nitrogen

Nitrous oxide

Octofluorocyclobutane

Oxygen

Perfluoropropane

Propane

Propylene

Ammonia, anhydrous

Argon

Boron trichloride

Boron trifluoride

Carbonyl sulfide

Dimethylamine

Ethylene oxide

Hydrogen bromide

Hydrogen fluoride

Hydrogen iodine

Monomethylamine

Phosphorous pentafluoride

Silicon tetrafluoride

Sulfur tetrafluoride

Trimethylamine

Vinyl bromide

Vinyl methyl ether

Ammonia, anhydrous

Monoethylamine

Monomethylamine

Trimethylamine

Methyl vinyl ether

Vinyl bromide

Vinyl chloride

Vinyl methyl ether

Chlorotrifluoromethane

Bromotrifluoromethane

Carbon dioxide

Carbon tetrafluoride

1,1 -Difluoroethyene
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Table 5.3 Common Laboratory CGA Regulators (continued)

CGA Fittings and Gasses

326

330

350

510

Freon® 13 (Chlorotrifluo-
romethane)

Freon® 13B1
(Bromotrifluoromethane)

Freon® 14 (Tetrafluoromethane)

Freon® 23 (Fluoroform)

Freon® 116 (Hexafluoroethane)

Hexafluoroethane

Methyl bromide

Nickel carbonyl

Vinyl fluoride

Nitrous oxide

Boron trifluoride

Carbonyl sulfide

Hydrogen bromide

Hydrogen chloride

Hydrogen iodine

Hydrogen sulfide

Methyl mercaptan

Phosphorous pentafluoride

Phosphorous trifluoride

Silicon tetrafluoride

Sulfur dioxide

Sulfur tetrafluoride

Carbon monoxide

Deuterium

Diborane

Ethane

Ethylene

Germane

Hydrogen

Methane

Methyl fluoride

Phosphine

Tetrafluoroethylene

Acetylene

Allene

1,3-Butadiene

Butane

CGA Fittings and Gasses

540

580

590

660

1-Butane

2-Butane

Butenes

Chlorotriftuoroethylene

Cyclopropane

Dimethyl ether

2,2-Dimethylpropane

Ethyl chloride

Ethylacetylene

Ethylene oxide

Isobutane

Isobutylene

Methylacetylene

3-Methyl-l-butene

Propane

Propylene

Silane

Oxygen

Argon

Helium

Krypton

Neon

Nitrogen

Xenon

Air

Sulfur hexafluoride

Ammonia

Arsine

Boron trichloride

Carbonyl fluoride

Chlorine

Chloropentafluorethane

Chlorotrifluoroethylene

Cyanogen

Cyanogen chloride

Dibromodifluoromethane

Dichlorofluoromethane
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Table 5.3 Common Laboratory CGA Regulators {continued)

CGA Fittings and Gasses

1,2-Dichlorotetrafluoroethane

1,1 -Difluoro-1 -chloroethane

1,1-Difluoroe thane

Freon® 12 (Dichlorodifluo-
romethane)

Freon® 22 (Chlorodifluo-
romethane)

Freon® 114
(2, 2 Dichlorotetrafluoroethane)

Germane

Hexafluoroacetone

Hexafluoropropylene

Hydrogen cyanide

Hydrogen fluoride

Hydrogen selenide

Methyl chloride

Nitric oxide

Nitrogen dioxide

Nitrogen trioxide

Nitrosyl chloride

Octofluorocyclobutane

CGA Fittings and Gasses

668

670

677

678

679

705

Ozone

Perfluoro-2-butene

Perfluoropropane

Phosgene

Phosphine

Phosphorous pentafluoride

Sulfuryl fluoride

Perfluorobutane

Bromine pentafluoride

Bromine trifluoride

Chlorine trifluoride

Perchloryl fluoride

Argon

Dichlorosilane

Fluorine

Nitrogen trifluoride

Oxygen difluoride

Tetrafluorohydrazine

Ammonia, anhydrous

Monoethylamine

Monomethylamine

Trimethylamine
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Schematic Drawing

Outlet 5/16" - 32 Connection

CGA#

110

5/16"-32 RH INT
Uses flat seat
with washer.

Lead washer
Lecture Bottle Outlet—Corrosive Gases

OutletI outlet .
V T

l ^ ^ w i — . ^ T 1

Connection

.5625

9/16

170

9/16"-18 RH EXT

and 5/16" RH INT
Uses flat seat
with washer.

Lecture Bottle Outlet—Non-Corrosive Gases

Connection

am 1 d)
; ; • • i r - : ' . - ; - - - 1 ' " - 1 ; . 1 . : 1 " •".'••

180
5/8"-18 RH EXT

and 516" RH INT
Uses flat seat
with washer.

Lecture Bottle Outlet—Corrosive Gases

Outlet

3/8" NGT

670"
1 1 i 1 6 Connection

- Taper
thread

240
3/8"NGTRHINT

IPS accepts
tapered thread.

Fig. 5.2 CGA regulator attachment fittings.
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Schematic Drawing

Connection

•745"| | .750

3/4" 3/4"

Outlet y * Connection

• 8 2 5 " | | .830"
13/16"

I Outlet y jf_
Connection

.825" I 1.830"

13/16"' 13/16"

CGA#

290

.745"-14 LH EXT
Accepts a bullet-

shaped nipple.

320

.825"-14 RH EXT
Uses flat

seat and washer.

326

.825"-14 RH EXT
Accepts a round-
shaped nipple.

Connection

Outlet
Connection

•825"| I .830"
13/16"

330

.825"-14 LH EXT
Uses flat

seat and washer.

350

.825"-14 LH EXT
Accepts a round-

shaped nipple.

Fig. 5.2 (continued)
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Schematic Drawing

Outlet Connection
CGA#

510

.885"-14 LH INT
Accepts a bullet-

shaped nipple.

Outlet w Connection

Outlet Connection

.965" j | .960"

15/16" 15/16"

Outlet Connection

•965" | | .960"
15/16" -15/16-

Outlet Connection

1.030'i V

540

.903"-14 RH EXT
Accepts a round-

shaped nipple.

580

.965"-14 RH INT
Accepts a bullet-
shaped nipple.

590

.965"-14 LH INT
Accepts a bullet-
shaped nipple.

660

1.030"-14 RH EXT
Uses a flat seat

with washer.

Fig. 5.2 (continued)
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Schematic Drawing
. Outlet^, ^Connection

1.030 I 11.035 Washer

I Outlet ^ Connection

IT
1.030") I1-C

1"

I Outlet^ ^Connection

.035"
1"

1.030"! n.035' Washer

Outlet^ jConnection

1.035" (2) Lead Washers

1"

I Outlet ^ x
\^^—^^^^-.—^ *—

Connection

CGA#

668

1.030"-14 RH EXT
Uses a flat seat

with washer.

670

1.030"-14 LH EXT

Uses a flat seat
with washer.

678

1.030"-14 LH EXT

Uses a flat seat
with washer.

679

1.030"-14 LH EXT
Uses a small flat seat

with washer.

705

1.125"-14 RH EXT

Uses a flat seat
with washer.

Fig. 5.2 (continued)
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Table 5.4 Color Code of Medical Gas Cylinders

Type of Gas

Nitrogen

Oxygen

Carbon dioxide

Nitrous oxide

Cyclopropane

Helium

Carbon dioxide-oxygen

Helium-oxygen

Air

Oxygen-nitrogen (other than air)

Color

USA

Black

Green

Gray

Blue

Orange

Brown

Gray and green

Brown and green

Yellow

Green and black

Canada

Black

White

Gray

Blue

Orange

Brown

Gray and white

Brown and white

White and black

White and black

on the tank cap by hand is sufficient—it is not necessary to forcefully tighten one
down.

There are various color codes that are used with compressed gas tanks, but only
the color codes of the medical gas industry are consistent. Note however, that the
identifying colors from the United States and Canada are not consistent with each
other (see Table 5.4).

Compressed gas tanks of large industries (or of particular gas distributors) are
often color-coded by their own specifications for easy ownership identification
and/or gas type recognition. You should never trust the color markings of com-
pressed gas tanks for identification unless the tank is used in medicine. The medi-
cal industries of both the United States and Canada have established color codes
for medicinal gas tanks, but unfortunately they do not agree with each other (see
Table 5.4). Otherwise, always depend on formal markings or labels for gas identi-
fication. If there is any question as to the contents of any compressed gas tank, do
not use it; instead, return the tank to your gas distributor for identification and/or
replacement.

Although the gas industry has not been consistent with color-coding (with the
exception of the medical gas industry), is has agreed on warning signs with three
specific signal words (see Table 5.1). The specific potential dangers associated
with the various signal words are shown in Table 5.5.

Regardless of compressed gas tank construction quality, the printed warnings,
and the various "idiot-proof arrangements, the user still must be aware of some
basic safety rules when working with compressed gases and must be able to apply
them with common sense to the dangers of compressed gases. There are two types
of dangers when working with compressed gases: the danger presented by the
specific gas you are using (flammable, toxic, oxidizing, and so forth) and the dan-
ger of having a metal cylinder under tremendous pressure standing a few feet
from you. The next section details potential dangers that can occur during general
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Table 5.1 DOT Signal Words

Danger: Warns the user that release of the gas in use to the atmosphere would pose an
immediate hazard to health and/or property.

Warning: Warns the user that release of the gas in use to the atmosphere would not
necessarily pose an immediate hazard, but would nonetheless be extremely hazardous
to health and/or property under certain conditions.

Caution: Warns the user that there is no danger from the gas in use beyond the dangers
associated with using any gas that is under high pressure.

use, and they also discuss appropriate responses. In addition to the general poten-
tial dangers of compressed gas tanks, you should also be knowledgeable to the
potential dangers of the gas you are using.

5.1.5 Safety Practices Using Compressed Gases

Always Work in a Well-Ventilated Area. Perhaps the most subtle danger when
working with compressed gases is asphyxiation. If one is working in an area with
poor (or nonexistent) ventilation and there is a leak of a non-harmful gas (non-
flammable, nonpoisonous), then there will be a resulting decrease of the percent-
age (within air) of available oxygen.* This decrease can lead to asphyxiation.
Remember, propane is heavier than air, so in a basement situation, it settles and
forces out the remaining air.

Table 5.5 Signal Words and Their Potential Hazards

Signal Word

Danger

Warning

Caution

Type of Hazard

Extremely hazardous gas and/or liquid

Flammable

Harmful if inhaled

Poisonous

Radioactive

Corrosive gas or liquid

Extremely cold liquid and/or gas under pressure

Extremely irritating gas

Liquid causes burns

Vigorously accelerates burning

High concentration in the atmosphere can cause immediate asphyxi-
ation

High pressure

Liquefied gas under pressure
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The most insidious thing about asphyxiation is that it comes on without warn-
ing. There can be feelings of sleepiness, fatigue, lassitude, loss of coordination,
errors of judgment, confusion, and even euphoria preceding unconsciousness.
Regardless, the victim will not be in a mental state to realize the danger and will
be incapable of reacting properly, which involves getting out of the area to better
air.

IN CASE OF EMERGENCY: Anyone going into a room suspecting low oxy-
gen concentrations should (1) arrange for a buddy system and (2) bring in portable
breathing equipment. Gas masks or filters will not help in an oxygen-poor envi-
ronment. Obviously, if you see someone lying on the floor there is a desire to run
and help them. Unfortunately, that only places you in equal danger. Under no cir-
cumstances should you go into the room without calling the fire department, get-
ting help, and attaching a rope onto yourself so your backup can drag you out.

Because most modern labs have adequate ventilation, asphyxiation is seldom a
problem. However, when work is being done in a basement, in rooms that do not
have an adequate ventilation system, or when a gas is heavier than air, every pre-
caution should be taken such as the use of the buddy system, having portable air
supplies available, and intercom systems with regular check-in times.

Always Secure Compressed Gas Tanks. A compressed gas tank should never
be allowed to stand free. Instead, it should be supported by an approved tank sup-
port and the screws should be tightened by a wrench, not just by hand. If lying
horizontal, the compressed gas tank should be prevented from rolling.

Just about everyone has heard stories of compressed gas tanks being knocked
over, thus snapping off the main valve, turning the compressed gas tank into a
rocket. The Compressed Gas Association claims that this orifice is too small for
the tank to become a projectile. However, if the tank contains a flammable gas, the
question of whether the tank will turn into a rocket is of secondary importance.

Even when a compressed gas tank is empty, it should be strapped down. The
standard compressed tank used in most laboratories weighs about 100 and could
be quite destructive if it were to fall over onto something or someone. While the
west coast is vulnerable to earthquakes, any lab is susceptible to the clumsy or
accidental actions of a person knocking over a tank. It is now a safety standard for
compressed gas tanks to be supported by two straps about 2-3 feet apart, as
opposed to the previous standard of a single strap. The reason for this is that occa-
sionally the tank's footing would slip, allowing the tank to slip out from under-
neath the single strap. This second strap should be mandatory in earthquake areas.
It has been the author's experience that the standard clamp-on design of com-

Oxygen content in the atmosphere is normally about 21%. Because the partial pressure varies with
the atmospheric pressure, the percentage of oxygen at higher altitudes will decrease relative to sea
level. The flame of a candle will be extinguished when oxygen concentration is reduced to about
15% to 16%. A human will be rendered unconscious when oxygen concentration is reduced to about
12%. Prolonged exposure within a low-oxygen-percentage environment can lead to brain damage or
even death.



Compressed Gas Tanks 5.1 271

Card has
serrations for
easy tearing

off.

String for
tying onto

tank.

Fig. 5.2 Suggested card to be placed on compressed gas tanks.

pressed gas tank support proved to be very unreliable in a powerful earthquake.
Permanently bolted, double-strapped supports have shown to be very reliable.

Keep Electric Lines Free from Compressed Gas Tanks. Compressed gas
tanks are made of metal. Keeping electric lines away from compressed gas tanks
helps to prevent spark development and potential shock to the user.

If you should come upon someone who is frozen by electric shock to an electri-
fied compressed gas tank, do not handle the person with your bare hands. First, if
possible, quickly ascertain the source of the electricity; and if it is safe and easy to
stop the current, do so. Otherwise, be sure you are not standing on, or in, water,
and use something that is nonconducting (e.g., a broom handle) to pull the victim
from the electrified tank. Call for medical attention immediately.

If a tank regulator is connected to metal tubing that in turn is connected to any
type of equipment, the tubing should be grounded (for example, to metal piping).
This grounding can be done with bushing wire, or any heavy-gauge wire, and a
screw clamp.

Keep Compressed Gas Tanks Away from High Heat. Compressed gas cylin-
ders should not be subjected to atmospheric temperatures above 130°F. A com-
pressed gas cylinder should never be subjected to a direct flame. If defrosting an
iced or frozen tank, water above 130°F should not be used. If compressed gas
tanks need to be left outside, they should be kept in a shaded environment.

Compressed Gas Tanks Should be Properly Moved. Compressed gas tanks
should never be dragged, slid, or allowed to bang against one another. One should
use a proper hand-truck or other suitable device for transporting the specific type
of compressed gas tank. Compressed gas tanks should never be lifted by their
caps, by magnets, or by ropes, chains, or slings unless the manufacturer has pro-
vided attachments (such as lugs) on the tanks.

Compressed Gas Tanks Should Be Properly Stored. When a variety of differ-
ent gases are to be stored together, they should be separated by type. For example,
combustible gases should never be stored directly next to sources of oxygen. They
should also be separated as to whether they are full or empty. After a tank has
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been emptied,* it should be marked to make its status easily identifiable. One
technique is to take a chalk, or crayon, and write "M T" on the tank signifying that
the tank is "empty." Unfortunately, not all gas companies wipe this mark off; thus
after the tank is returned, a full tank could be displayed as "empty." A better tech-
nique is to loosely tape a piece of paper saying "empty" onto the tank. This paper
will be removed by the gas company. Some compressed gas suppliers provide tags
that can be hung on tanks which provide convenient identification of the gas sup-
ply (see Fig. 5.2). If you cannot obtain these tags from your supplier, they are very
easy to make.

When you empty a tank, other people's confusion and frustration can be pre-
vented if you detach the regulator and identify the tank as empty before you call
your gas people requesting a fresh tank. Likewise, if you need to remove the regu-
lator on a partially emptied compressed gas tank, replace the protective capf and
label the tank to indicate it is not a full tank, noting the remaining partial pressure.

Although it is not dangerous to store acetylene tanks on their side, such posi-
tions may allow solvent loss, which in turn can decrease the flame quality.

5.1.6 In Case of Emergency

In the United States there is an organization called CHEMTREC (Chemical
Transportation Emergency Center) that has a 24-hour toll-free number to call for
advice on chemical transportation emergencies [(800)-424-9300]. For written or
general questions, write:

Chemical Transportation Emergency Center
1300 Wilson Blvd.

Arlington VA 22209
or call (703) 741-5000

For information on the rules and regulations of transporting various gasses, con-
tact:

Department of Transportation
Office of Hazardous Materials

400 7th St. SW
Washington DC, 20590

(800) 467-4922

A tank with less than 50 psig should be considered empty. It is not recommended to totally empty a
tank because a completely emptied tank can develop condensation that can prematurely age the tank.
fA tank should have either a regulator or a cap on. No tank should be left with the valve opening
exposed to the environment.
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For questions specifically related to compressed gases, you may write or call:

Compressed Gas Association, Inc.
1725 Jefferson Davis Highway, # 1004

Arlington, VA 22202-4102
(703) 412-0900

Canada has a similar organization for chemical transportation emergencies,
called TEAP (Transportation Emergency Assistance Plan). It is operated as a pub-
lic service by the Canadian Chemical Producer's Association through the cooper-
ation and aid of the member companies who operate the Regional Response
Centers (RRCs) throughout Canada. They are also available on a 24-hour basis.
However, you need to call the center in the Canadian region where you are
located.

Dalhousie, New Brunswick

Edmonton, Alberta

Kitimat, British Columbia

Maitland, Ontario

Montreal East, Quebec

Sarnia, Ontario

West Hill, Ontario

Winnipeg, Manitoba

506-684-4328

403-477-8339

604-632-2441

613-348-3616

514-640-6400

519-339-3711

800-567-7455

204-957-0118
or 519-339-2145

For further information about handling and/or shipping pressurized containers
within Canada you can write to:

The Canadian Chemical Producers Association
805-350 Sparks Street

Ottawa KIR 7S8

5.1.7 Gas Compatibility with Various Materials
Gases can react with containers and tubing as well as with each other. The degree
of reaction can range from premature aging to explosion. It is always best to pre-
vent a possible reaction than to repair the damage of one. For example, Table 5.6
indicates that chlorine will not react with an O-ring made of Viton, but will with
the others listed. Table 5.6 also indicates that acetylene will react with zinc and
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copper, but does not indicate that acetylene can also react with silver, mercury, or
the salts of either of these compounds. Because it is impossible to list all gas and
material combinations, you should check with your gas supplier for compatibili-
ties of any gas and material before committing yourself to full-fledged experimen-
tation, even though the information should be on the MSDS sheets.

rfable 5.6

Chemical Name
and Formula

Name
Acetylene

Air

Allene

Ammonia

Argon
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Table 5.6 Compatibility of Various Gases and Materials (continued)"
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Table 5.6 Compatibility <

Chemical Name
and Formula
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Table 5.6 Compatibility of Various Gases and Materials (continued)"

Chemical Name
and Formula
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a This chart has been prepared for use with dry (anhydrous) gases at normal operating tem-
peratures of 70°F (21°C). Information may vary if different operating conditions exist.
Systems and equipment used in oxidizer gas service (e.g., oxygen or nitrous oxide) must
be cleared for oxidizer service.

S—Satisfactory for use with the intended gas (dry anhydrous) at a normal
operating temperature of 70°F (2PC).

U—Unsatisfactory for use with the intended gas.

Cl through C7—Conditionally acceptable for use with the intended gases as
follows:

Cl—Satisfactory with brass having a low (67-70% maximum) copper con-
tent. Brass with higher copper content is unacceptable.

C2—Satisfactory with acetylene; however, cylinder acetylene is packaged dis-
solved in a solvent (generally acetone) which may be incompatible with
these elastomers.

C3—Compatibility varies depending on specific Kalrez compound used. Con-
sult E.I. DuPont for information on specific applications.

C4 - Satisfactory with brass, except where acetylene or acetylides are present.

C5—Generally unsatisfactory, except where specific use conditions have
proven acceptable.

C6—Satisfactory below 1000 psig.

C7—Satisfactory below 1000 psig where gas velocities do not exceed 30 ft/
sec.

I—Insufficient data available to determine compatibility with the intended
gas.
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' Materials of Construction are as follows:

Compressed Gases

a

b

c

d
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i

Metals

= Brass

303 Stainless Steel

= 316 Stainless Steel

- Aluminum

= Zinc

= Copper

= Monel

Plastics

= Kel-F

Teflon
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P

q

Plastics (cont.)

= Tefzel

= Kynar

= Polyvinylchloride

= Polycarbonate

Elastomers

= Kalrez

Viton

Buna-N

= Neoprene

= Polyurethane

5.2 The Regulator

5.2.1 The Parts of the Regulator

A compressed gas tank, when filled, may contain up to 2500 lb/in.2 of pressure.
These tremendous pressures cannot be throttled by the main tank valve to pres-
sures that are usable in the laboratory. All the main tank valve can do is release or
prevent the release of gas, not control the pressure with which a gas is released. A
regulator is required to reduce the gas pressure in a controlled, stable, consistent,
and reliable manner.

There is one valve and one or two gauges on a standard high-pressure regulator.
Figure 5.4 displays a typical fully equipped regulator. The components are
described in the following sections.

The Compressed Tank Valve or Main Valve (V-l). This valve is not part of
the regulator, but is part of the compressed gas tank itself. It rotates CCW for open
and CW for closed (just like a water faucet). All this valve can do is let gas out (or
in for filling). It cannot vary the pressure of the releasing gas. If the tank valve is
to be used for a long period of time (days), it is best to open this valve completely.
This position presses part of the valve against an internal seal to prevent leakage
past the valve stem. When using the compressed gas tank for short periods of time
(hours), the amount of leakage is negligible, and several revolutions of this valve
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Tank pressure

Outgoing pressure gauge (P-1)
gauge (P-2)

C G A f i t t i n g

Compressed tank
valve (V-1)/

t
TT1

Pressure
adjusting

valve (V-2)

Safety
7 release

Hose
connection

(barb)

Compressed
gas tank

Fig. 5.4 Parts of the regulator.

are sufficient. Never open the main valve of an acetylene tank more than one and
one-half revolutions, and always open it slowly.

The Tank Pressure Gauge (P-1). This gauge displays the pressure inside the
tank. It represents the pressure coming into the regulator. This gauge is not neces-
sarily on all systems, especially those that have a constant pressure, such as a
house air pressure system (see Fig. 5.2) or those with a liquefied gas such as pro-
pane.* This gauge is used to measure the pressure remaining in the compressed
gas tank. Thus, if you notice you are low on gas, you can make arrangements for
tank replacement before an experiment has begun (and thereby avoid problems or
an emergency situation). It is a good idea to observe the amount of gas you use per
experiment or per day to better estimate your needs. This practice can prevent the
downtime of waiting for a fresh tank caused by poor planning.

The Pressure Adjusting Valve (V-2). This valve adjusts the pressure that leaves
the regulator. It rotates CCW to decrease pressure and CW to increase pressure,
which is exactly the opposite from a water faucet and can potentially create a dan-

*Gauges on liquefied gas tanks, such as propane, cannot indicate the remaining gas or the amount of
gas used over a period of time. These tank pressure gauges only indicate the pressure of the gas
(above the liquid) within the tank known as the head pressure. Volume of remaining gas must be
determined by comparing the weight of the tank against its tar pressure (ee Sec. 5.1.1)
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gerous situation. Before opening the tank valve (V-l) on a system that has more
than one user, it is best to assume that the outgoing pressure is wrong. If someone
had inadvertently rotated this valve CW with the intention of closing the flow, it
would have actually opened the valve to full pressure. This could easily destroy
hoses, connections, glassware, or anything else on the line. To prevent this from
occurring, rotate the pressure adjusting valve CCW until it turns free.* Open the
tank valve, then rotate the pressure-adjusting valve CW to the desired working
pressure. Note: The pressure from the regulator cannot be decreased unless gases
are being released from the system. Therefore make sure that the needle valve (V-
3) and any other gas flow valves are open to the atmosphere at least a small
amount when attempting to decrease the regulator pressure

The Outgoing Pressure Gauge (P-2). This gauge displays the pressure that is
set by the pressure adjusting valve (V-2). If you are trying to decrease the pressure
and do not see any change, be sure the system beyond the regulator is open to the
atmosphere (see previous subsection).

The Needle (Flow Control) Valve (V-3). This valve controls the volume of gas
leaving the regulator. It rotates CCW to open and CW to close. If the regulator is
connected to a glass system and/or rubber tubing, this valve should be closed
when first opening up the pressure adjusting valve (V-2) to prevent damage to the
system from too great a pressure. The needle valve (V-3) should be fully open if
the system has a second needle valve further down the system, such as the valve of
a glassblowing torch. The needle valve is not on all regulators, but can easily be
added or removed.

The Hose Connection. This connection is called a barb by the welding and gas
industry and is seldom on the regulator when purchased. Like the needle valve it
can be easily added or removed. Alternatively, copper or high-pressure tubing can
be attached directly to the regulator (with the proper fitting), which provides a
more secure connection than that which can be obtained by forcing plastic or rub-
ber tubing over a hose connection. If you need to order a hose connection, be sure
to order a left-handed threaded nut if it's to go onto a tank for combustible gas
(see Sec. 5.2).

There are two types of regulators: single- and two-stage (sometimes called dou-
ble-stage). Both work on the same principle of (a) gas pressure pushing on one
side of a diaphragm and (b) the pressure adjusting valve pressing a spring against
the other side of the valve. The greater the spring pressure against the diaphragm,
the greater the gas pressure available to leave the regulator. However, in a single-
stage regulator, as the pressure within the tank goes down, you must back off the
spring pressure (using the pressure adjusting valve) to maintain the same outgoing
pressure. Otherwise the outgoing pressure slowly increases as the tank pressure
decreases. The two-stage regulator avoids this problem by having two single-stage
regulators linked end-to-end. The first maintains an outgoing pressure between

*If you turn it too far, it will unscrew from the regulator. This is not a disaster; simply rescrew it back
in several turns CW.
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Outgoing
pressure

gauge / \ Pressure

regulating
valve

Outgoing (controlled) l n C O m i n g ( h i * h )

air pressure
air pressure (on

opposite side)

Fig. 5.2 Typical regulator used with a constant gas source such as
house compressed air.

350 and 500 psig, which is the incoming pressure of the second. Because the pres-
sure between the first and the second stage remains very consistent, the outgoing
pressure is held equally consistent throughout the life of the tank. In addition, sin-
gle-stage regulators typically cannot deliver large quantities of gas at high pres-
sure. Any attempts to push a single-stage regulator beyond its capabilities
typically result in a loud wailing sound from the regulator.

5.2.2 House Air Pressure System

It is common for labs to have a high air pressure system built into benches, fume
hoods, and other parts of the building. Sometimes the air pressure is too powerful
for equipment to be attached. A simple regulator (see Fig. 5.2) can be attached
directly on such a system using pipe fittings.

5.2.3 How to Install a Regulator on a Compressed Gas
Tank
A few minutes of preparation will save you hours of cleanup time, replacement of
equipment, and/or serious injury. Therefore, be sure to follow this general proce-
dure:

1. Examine the edge of the regulator CGA fitting to determine whether the
thread is right- or left-handed (see Fig. 5.2). Use an open end wrench,
or large crescent wrench, to remove the regulator from the emptied
tank. If the nut is notchless, it is a right-handed thread. If that is true
and you are staring at the regulator and tank so that they are in the
same orientation as in Fig. 5.4, the wrench should be placed so that
the end is facing out from the page. To release the regulator, move the
end of the wrench upward. An upward whack with the palm of the
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hand may be necessary to start the movement. Once loose, it should
be possible to support the regulator with one hand and finish remov-
ing the nut with the other.

2. Strap the new, full tank securely into its proper position. Even though
the old tank is empty, it should also be secured with the same level of
safety. Full or empty, these tanks are heavy; and if they are acciden-
tally knocked over, they can still do a lot of damage.

3. Examine the CGA threads of the tank and of the regulator to be sure that
they are free of dirt, dust, and grease. [If there is any grease on the
threads of the tank, return the tank to the supplier. If there is any
grease on the threads of the regulator, return it to an authorized repair
dealer.]

4. Stand to the side of the tank and quickly crack open and close the main
tank valve. This action will force out any dust, dirt, or other particu-
late matter from the valve seating before you attach the regulator.
This matter, if not removed, can get into the regulator and either
shorten the regulator's life span or get into the area where you are try-
ing to deliver "clean" gas. Do not stand in front of the valve port and
be sure that the valve port is not aimed at anyone or anything. The
force of air can easily blow papers or glassware a considerable dis-
tance.

5. Attach the regulator to the new tank tightly with a wrench as mentioned
in step 1, except tightening would be done by moving the end of the
wrench toward the operator. Be sure to follow the direction of the
threads. The fitting should be snug. Remember that the part of the
CGA fitting that actually makes the seal is the end of the fitting. The
threads are only securing the fit, and any leakage will not occur at the
threads. Therefore, overtightening of the threads will not assist in any
leak prevention. Use of plumber's Teflon tape will not hurt anything,
but it will also not help ensure against leakage.

X
Left-handed nuts and fittings have a notch

cut into the corners to help identify the
direction of the thread.

Fig. 5.2 Samples of left-handed nuts and fittings.
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5.2.4 How to Use Regulators Safely
Always open the main tank valve slowly. Intense pressure against the regulator's
diaphragm can cause premature wear and aging. In addition, after the main tank
valve has been turned off, the regulator should not remain under pressure for
extended periods of time (i.e., several hours or beyond). The procedure of closing
the tank valve (V-l; see Fig. 5.4) and then bleeding the system to release any
remaining gases will help extend the life of the regulator. This bleeding procedure
is more critical with two-stage regulators which may trap a small quantity of gas
within the first of their two stages. This gas can then burst out unpredictably and
potentially dangerously.

Another practice for extending the life of a regulator is to unscrew (CCW) the
pressure adjusting valve (V-2; see Fig. 5.4) before opening the tank valve (V-l;
see Fig. 5.4) and before setting the regulator to the desired pressure. In addition,
open the tank valve slowly to limit the amount of shock on the diaphragm. Contin-
ued shock on the diaphragm causes premature aging.

When opening the main tank valve to allow gas into the regulator, you should
stand to the side (not in front or behind) of the gauges, preferably with the main
tank valve between you and the regulator. If an old worn diaphragm bursts during
the sudden pressure increase, glass and metal shards could spray out. This damage
cannot happen if the pressure adjusting valve is unscrewed before you open the
main valve because there is no pressure against the diaphragm.

Never use oil in or around a regulator. Oxygen regulators (CGA fitting 540)
pose special dangers because oxygen decreases the ignition temperature of flam-
mable materials. Oil around compressed oxygen can explode. Do not use plumb-
ing "pipe dope" on a CGA fitting. If a CGA fitting needs "pipe dope," there is
something wrong with the fitting and it should not be used.

Do not use a regulator that has been dropped or shows any signs of physical
abuse. If in doubt, have the regulator checked at the manufacturer's service center.

When storing a regulator, place it in a plastic bag to prevent dirt and dust from
settling on, and in, the regulator. Dust and dirt can damage the diaphragm, or
wedge within the sections, preventing complete closing of the diaphragm parts.
Regulator cleaning and repair should be done by a service agency and should not
be done by inexperienced personnel.

5.2.5 How to Test for Leaks in a Compressed Gas Sys-
tem
The first leak to check is within the regulator: To see if there is gas leakage past
the diaphragm, rotate the pressure adjusting valve CCW until it is fully open, then
slowly open the main tank valve. If any gas leaves the regulator, the regulator is
defective or broken and needs repair or replacement.

To see if you have a leak within the line of your pressure system, close all nor-
mal outlets. Then, after opening the main tank valve and rotating the pressure
adjusting valve (V-2; see Fig. 5.4) to the desired pressure, turn the main tank valve
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off. If you see a dropping off of pressure on the tank pressure gauge, you have a
leak somewhere in your system.

To limit the region needing examination, rotate the pressure adjusting valve
CCW one or two revolutions. If the reading on the tank pressure gauge drops,
there is a leak in the compressed tank valve, the CGA fitting, or the tank pressure
gauge. However, if the outgoing pressure gauge drops, there is a leaky outlet fit-
ting, needle valve (if any), outgoing pressure gauge, hose, tubing leaving the regu-
lator, or any other part of the system beyond the regulator. Finally, if the tank
pressure gauge drops and the outgoing pressure gauge rises, there is a leak in the
regulator itself. (It is normal to see this last pressure rise when you are bleeding
the pressure from a single-stage regulator just as the pressure in the regulator is
almost extinguished.)

If you know you have a leak but are not sure of the location, do not use a flame
to aid your search.* If the gas is flammable, the dangers are obvious, but otherwise
there is concern of burning parts and equipment. The best and safest technique is
to spray, squirt, or drip a soapy water solution on the suspected area. Use either a
diluted liquid dish soapf or a commercial solution such as Snoop®.* The evidence
of bubbles is a sure sign of a leak. However, be sure you witness bubble formation
as opposed to bubbles just sitting there, which are likely to have formed during the
application of the bubble solution.

5.2.6 How to Purchase a Regulator

Most regulators can provide uniform and accurate high-pressure output. Where
regulators vary is in their output potential. A large gas demand requires a regulator
with a large output potential. By selecting a regulator that only satisfies the mini-
mum flow rate for your expected needs, you may be unable to achieve unexpected
high-flow demands.

A wailing noise coming from your regulator is a symptom of using a large
quantity of gas at a rate faster than the diaphragm within the regulator is capable
of supplying. Unless you are able to use a smaller quantity of gas, the best solu-
tion is to purchase a larger regulator with a higher flow capacity (typically a two-
stage regulator) and/or a better quality regulator.

If you absolutely need constant outgoing pressure, regardless of varying tank
pressure or the varying rate of outgoing gases, select a two-stage regulator; other-
wise, a single-stage regulator is sufficient. Although the changes are subtle, sin-
gle-stage regulators have less stable outgoing pressures as tank pressure drops or
as you increase the rate of outgoing gases.

If you are using a corrosive gas, it is imperative to use a stainless steel regulator.
Otherwise, a brass regulator is sufficient.

Some people use the flickering of a flame as an indication of a leak.
+Liquid dish soap can corrode stainless steel, so rinse it off when completed.

*SNOOP®, Product of the Nupro® Company, Willoughby, OH 44094.
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When you order a regulator, expect to receive only the regulator. Unless you
specify that you also want a needle valve and/or a barb (hose connection), you
probably will not get one! Be sure to ask the salesperson what you will be receiv-
ing with the regulator. This information becomes more important if you are order-
ing a regulator for a tank that has a left-handed CGA fitting such as a propane
tank, because all the fittings for this regulator will also left-handed. If you wish to
add a hose connection onto the regulator after it has arrived at your lab, you might
end up digging through drawers filled with right-handed fittings and no luck in
finding a left-handed hose connection. If this happens, you may have to go back to
your mail-order supplier or to a local welding supply house.





High and Low Temperature

6.1 High Temperature

6.1.1 The Dynamics of Heat in the Lab
Heat is used in the laboratory for a variety of applications which include: speeding
up chemical reactions, evaporating solvents, facilitating crystallization, softening
or melting materials, and distillation by bringing chemicals to their vapor points.

To get heat from one point to another, heat (thermal energy) is transferred by
four processes: conduction, convection, radiation/absorption, transfer of energy,
or some combination of the four.

1. Conduction is the transfer of heat from one body to another by mole-
cules (or atoms) being in direct contact with other molecules (or
atoms). This process is how hot coffee heats a coffee cup.

2. Convection is the physical motion of material. An example of this pro-
cess would be hot air rising and cold air settling. Rigid materials can-
not have convection.

3. Radiation/absorption is the result of heat energy being transformed into
radiant energy. This energy process gives us a sun tan.

4. Transfer of energy is the mechanism of microwave ovens. Here, as an
electromagnetic wave passes matter, some of the energy of the wave
is transferred to the material. The extra energy is indicated by an
increase in its heat.

There are six ways to heat materials in the lab: open flame, steam, thermal radi-
ation, electromagnetic bombardment (microwave ovens) passive electrical resis-
tance (such as hot air guns), and direct electrical resistance (such as hot plates).
All of these heating methods (except thermal radiation) use conduction to heat the
container holding the material to make the material hot.

287
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6.1.2 General Safety Precautions
General safety precautions are important when dealing with hot materials.
Because heat increases the activity level of chemicals, the chemicals become
more dangerous when heated (nitric acid is dangerous, hot nitric acid is very dan-
gerous). When you add the fact that heated chemicals can splatter or be ejected
from a container, the dangers are compounded. In addition, the heat source and
heated containers can also be dangerous.

Standard safety equipment is a must: eye or face protection, thermal gloves, lab
coat, and closed-toed shoes should all be worn. Tongs, tweezers, or test tube hold-
ers should be used to transport heated containers.

There are other dangers present with the act of heating materials. They include:

1. Toxic or dangerous gases, produced from the material(s) being heated.

2. Explosions, caused by pressure buildup of trapped gases.

3. Breakage and explosions, caused by faulty or damaged apparatus or
heating devices.

4. Flash fires, caused by flammable fumes ignited by a spark or flame.

Because of these potential dangers, heating operations should be done within a
fume hood. The windows of the fume hood should have tempered glass and/or
plastic film coatings. The door of the fume hood should always be closed as low
as possible, especially when in use. Place your hands underneath the door to work
while protecting your face behind the window. However, do not use the fume
hood door in place of eye protection—use both.

Unfortunately, a fume hood is not always available or practical. If you are
unable to work in a fume hood but still require shielding, portable explosion
shields are available and should be used.

Experiments or processes that use heat must constantly be monitored. If you
need to leave the lab, even for a short time, be sure that someone else can monitor
the operation in your absence. Problems such as chemicals boiling over, or the
evaporation of materials from a container, can occur. In addition, water hoses that
lead to condensers have a habit of slipping off or being turned off when no one is
looking. To remedy this problem, the use of relays that turn off heat sources are
recommended.

If you ever find a dry glass container on its heat source (the liquid within having
boiled off), it is possible that the container may have developed thermal strain. In
this condition, it is dangerous and likely to crack or break into pieces without any
notice or warning. Unless you have the facilities to examine for strain or to prop-
erly anneal the potentially strained glassware, throw it away (see Sec. 1.1.13).

6.1.3 Open Flames

Period movies, such as those starring Sherlock Holmes, often showed an oil lamp
that was always burning and always ready for heating a test tube. Contemporary



High Temperature 6.1 289

movies now show a Bunsen, or Fisher, burner (see Fig. 6.1) in the lab, always
burning and always ready for heating a test tube. If as a child you had a student
chemistry kit, it probably came with an oil lamp. The mere fact that you had it
burning away on your kitchen table was proof to your younger siblings that you
were doing chemistry!

While it is true that a burning flame provides good images and great ambiance,
it is not a very good source of heat. You will not see open flames burning away in
a laboratory for effect or ambiance. If an open flame is used for heating solutions
in the laboratory, it is always shut off after use.

Fortunately, the use of oil lamps is now neither common nor necessary.
Although there are modern substitutes for oil lamps, such as Bunsen and Fisher
burners, they are not the heating mechanism of choice because most heating is
done by electric mantels and stirrer/hot plates. There are too many drawbacks
associated with open-flame heat sources for them to be considered the heat source
of choice. The problems associated with these burners include the following:

1. Open flames may provide a too-intense and localized source of heat.

2. Open flames may provide an ignition source for flammable gases or

other combustible materials.

3. Open flames may fill a poorly vented room with carbon dioxide.

4. The tubing connecting the gas outlet to the burner can leak, emitting gas
into the room.

5. Specific temperatures are hard to obtain and maintain, and it is simple to
overheat materials.

6. It is simple for an open flame to heat things you do not want heated,
causing injury or damage.

7. Lighting these burners in a fume hood can be very difficult. Although it
is possible to ignite a burner with a striker (a flint and steel connected
by a spring), it is not easy. An easier approach is with a disposable
lighter. Probably the easiest technique for lighting a Bunsen burner in
a fume hood is to have enough flexible tubing to take it out of the
fume hood for lighting and, once lit, return it to its proper location.

Because of the problems associated with open flames, various states regulate
their use in labs. Some states even ban the use of open flames in any lab. Despite
the problems associated with open flames, they are still used quite extensively in
many labs because the advantages of open flames are as follows:

1. Fuel is inexpensive.

2. Equipment is inexpensive and easy to set up.

3. They are easy to operate.

When you have a general chemistry lab with 20 to 30 (or more) students, pro-
viding expensive equipment to all can be a sobering jolt to safety considerations.
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Fig. 6.1 Bunsen and Fisher burners.

Therefore, as long as open flames will continue to be used, the following are some
safety insights for their proper use.

A burner is connected to its gas source with either amber latex or vinyl tubing
(Tygon). The advantage of amber latex tubing is that it has excellent memory of
its original shape (See Resilience in Sec. 1.2.2). So, regardless of how long a hose
is connected, the hose will always grip the hose connection it was originally
slipped onto. Unfortunately, latex tubing ages over time and can easily burn. Both
of these conditions, aging and burning, will eventually cause leaks in the tubing. If
you use latex tubing, monitor it often for signs of age (cracking) or burns.

Never Look For Gas Leaks With a Match. Your nose will probably offer the
first indication that you have a leak. Then, you can either listen for the hissing of
the leak, while occasionally twisting and moving the tubing to arrange the leak
region, or coat the tubing with a soapy solution and look for bubbles.

Vinyl tubing has poor memory and with time begins to conform to new shapes.
With time, vinyl tubing can lose its grip on hose connections and may leak or be
pulled off easily. There are two solutions to this problem. The best solution is to
use a hose clamp. This clamp will provide a secure attachment of the hose to the
gas outlet and allow for (relatively) easy removal. Alternatively, you can soften
the tubing by placing the end in boiling water for a minute or so. This method will
allow you to shove the tubing onto the hose connection sufficiently far that the
chances of accidental removal or leakage are considerably diminished.

Vinyl tubing does not age and is fire-resistant. However, a hot object may melt
through the tubing causing a leak. Fortunately, because the tubing does not burn, it
therefore is unlikely to ignite a combustible gas.

Removing vinyl and amber latex tubing is best done with a razor blade. Do not
pull vinyl tubing off because the torque is likely to break the hose connection off.

Needle valves on both Fisher and Bunsen burners are threaded right-handed.
These valves are in reverse angles during use; that is, you observe the valves from
the top. This orientation may confuse some people. Just remember that in use, you
close a needle valve by rotating it CW, and open the valve by rotating it CCW.
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When first setting up a burner, close the needle valve all the way. Rotate the lab
bench valve to the open position (checking for leaks in the tubing at this point is
advised). Light a match (or get a striker ready) and open the burner's needle valve.
Depending on the length of the tubing, you may need to wait a moment for the gas
to travel to the burner (your nose is a good indicator of gas presence). Light the
burner.

Once the flame has ignited, it needs to be "fine-tuned." By opening the valve
you increase gas flow, and by closing the valve you decrease gas flow. By rotating
the air gates on the side of the burner, you can also increase or decrease the
amount of air that is allowed to premix with the gas to intensify the flame. When
you open an air gate, more air is available to combine with the gas, thus producing
a bluer and hotter flame. As a gate is closed, less air is available to the gas, produc-
ing a whiter ("yellower") and cooler flame.

Any flame that is predominantly white (or yellow) will smoke and deposit black
(carbon) soot on any object that is placed over it. It is best to allow at least enough
air in the gates to ensure a blue flame. A blue flame will not deposit soot. Addi-
tionally, a white (yellow) flame is not likely to have enough energy to accomplish
any significant heating.

The main difference between the Fisher burner and the Bunsen burner is size
and heat dispersion. When trying to heat a test tube in a Fisher burner, you are
likely to overheat the material. Likewise, when trying to heat a two-liter flask with
a Bunsen burner, you are likely to have a long wait. The exact demarcation line of
which tool you should use for which type of heating job requires common sense
and experience.

If you need to heat a test tube with a Bunsen burner, follow the following rules:
1. Be sure to hold the test tube with a proper test tube holder. Do not use

fingers, rags, tweezers, or pliers.

2. Hold the test tube at an angle off of vertical.

3. Do not "aim" the test tube at yourself or any other person. This position-
ing may be difficult in a crowded lab, but it is important. If the solu-

Fig. 6.2 Heating the whole bottom of a test tube.
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tion becomes superheated before boiling begins, the test tube can act
like a cannon, shooting its hot contents up to 20 feet.

4. Heat along the bottom side gradually moving the test tube up and down
the length of the solution (see Fig. 6.2).

It is preferable not to heat a beaker or Erlenmeyer flask with Fisher or Bunsen
burners. The reason is discussed in detail in Sec. 1.1.10, which discuses the struc-
tural shapes of flasks. In essence, the problem is that the sharp angle of the side
walls may not be able to disperse the thermal strains created by the expanding
heated bottom. Round-bottom flasks, on the other hand, have no side walls and
therefore do not have this problem.

There are occasions where you will need to heat materials in a beaker because
no other means of heating are available. In these occasions, do not let the flame
come in direct contact with the glass. Rather, place the beaker on a wire screen or
on a wire screen with a ceramic square.* Even though the screen will prevent a
direct concentration of heat at any one point on the beaker, use a soft blue flame,
not an intense "hissy" flame.

6.1.4 Steam

Steam is one of the safest and easiest techniques to provide even, uniform heat in
the lab. Because steam can provide an even heat distributed uniformly across the
entire bottom of a container, there are no fears of hot spots or solution superheat-
ing. In addition, the steam bathf is made up of simple components with no electri-
cal wires or moving parts. Thus, there is nothing to wear out or to be damaged in a
steam bath by accidental spills of heated materials.

Although steam can technically be any temperature greater than 100°C, under
normal conditions the user can consider the temperature to be about 100° C.
Superheated steam (>250°C) is possible, but special insulation and equipment is
required.

Regardless of relative safety, caution with the use and handling of steam is still
required. Careful monitoring of the equipment for the duration of the experiment
or process is still important. From a safety aspect, there are two things to keep in
mind about steam:

1. Distilled water cannot be hotter than 100°C (at STP), but steam can be
as hot as you can get it.

2. You cannot see steam. What people often call steam is in reality the con-
densed water of steam that has just cooled below 100°C.

Some labs may still have wire screens with asbestos squares attached. These screens should be
placed in plastic bags and disposed of with the proper agencies. There are replacement screens avail-
able that use a ceramic material and are not hazardous.
f As opposed to the steam source.
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Fig. 6.3 The steam bath with nested lids.

These two facts point out one of the biggest dangers of steam: What you cannot
see can hurt you. Caution is advised.

If you are fortunate enough to work in a facility that has self-generated steam,
you can easily attach one end of a hose to the outlet and the other end to the steam
bath or other steam delivery device. Be sure to use heavy-duty flexible tubing to
withstand the high heat of the steam, and use as short a piece of tubing as possible
so the steam will not condense before it gets to the steam pot.

Your delivery system is likely to be a steam pot (also called a steam bath) (see
Fig. 6.3). Steam pots may be made out of copper, brass, or cast aluminum. One of
the benefits of using steam for heating is that the steam bath is designed to accom-
modate a wide variety of flask sizes; all that is necessary is to select a nested lid
that is just smaller than the size of your flask. The lid should be selected before the
steam valve is opened. Otherwise the container will become too hot to handle
safely, and further setup will become more difficult and dangerous. If you need to
change a nested lid after it has been heated, be sure to use tweezers or tongs.

All steam pots have one tube allowing steam in and have another allowing con-
densed water out. Be sure that neither tube kinks or plugs up. A constricted steam
tube may burst due to steam pressure. A constricted drainage tube will cause the
pot to fill up with water, which will halt the progress of your work. If the tube con-
tinuously kinks, replace it with a newer and/or heavier-walled tube.

If you do not have a built-in steam line, you can create your own steam. Boiling
water over an open flame, on a hot plate, or using an immersion heater are all ade-
quate techniques.

Very elaborate steam apparatus configurations have been written up by Lane et
al.,1 for superheated steam distillations. These superheated steam setups are fairly
elaborate pieces of apparatus which combine steam generation and distillation in
one piece. They are therefore not setups that can be pieced together in an after-
noon. A more simple design of a steam generator has been proposed by Hagen
and Barton.2 It is a fairly inexpensive, yet robust design.

Whichever steam generator design you select, it must be continuously moni-
tored. If a steam generator runs out of water, the unit may be damaged, and the
experiment or process that uses the steam will stop.

The only water you should use in an electrically heated steam generator is
deionized water to decrease (and/or limit) the corrosion of internal parts caused by



294 High and Low Temperature

water electrolysis. In addition, as salt concentration goes up, current conduction
increases, which may lead to power failure.

Steam units in general, and electrical steam generators in particular, should
always be placed away from easy access to limit the chances of accidental burns
or unintended electrical contact.

6.1.5 Thermal Radiation

Thermal radiation is provided by heat lamps which emit large amounts of infrared
light. Besides keeping food warm at smorgasbord-type restaurants, heat lamps can
be used to warm and/or dry samples.

Although heat lamps cannot provide great amounts of heat, they have the advan-
tage of being able to work at a distance. Because heat lamps do not require contact
or air to heat materials, they can be used to heat materials in a vacuum.

Do not stare at the light of a heat lamp because it can burn your retina. Similarly,
do not leave your hands exposed to its light for more than a few seconds at a time
because it will sunburn and damage your skin.

6.1.6 Transfer of Energy

By using the part of the electromagnetic spectrum between 0.1 and 10 cm, more
commonly known as microwaves, energy can be transferred from waves to matter.
This is particularly effective to materials that are considered opaque to micro-
waves. By blocking a microwave, energy is absorbed and the material is heated.
Water and fat are both considered opaque to microwaves. Materials that are trans-
parent do not absorb any energy and therefore do not heat up under the effects of
microwaves. Ceramic and glass materials are considered transparent and do not
(appreciably) heat up under microwave bombardment. However, as in most things
in life, this is not a black and white issue because nothing is totally opaque or
transparent. Both glass and ceramic materials do heat up in a microwave oven, but
not to the degree that materials that are considered opaque.

There have been a variety of uses of microwave ovens in the laboratory; these
include the processing of ceramics, development of various plastics, catalysis, and
acid dissolution of various materials.3 One developing use of microwave ovens is
the drying of samples for weighing.

The process of drying samples, which used to take some one to two hours in a
drying oven, can be brought down to about five to ten minutes in a standard inex-
pensive kitchen type of microwave oven. The technique is to place the weighing
bottle and cover in a clean beaker. Place three glass rods that have been bent to an
angle of about 45° over the edge of the beaker to support a watch glass. The watch
glass is used to ensure that nothing falls into the beaker, and the glass rods are
used to allow water vapor to escape.

The exact time required for drying of samples needs to be determined for each
type of microwave oven being used due to the varying power (watts) of each type.
It was demonstrated that it is possible to inadvertently melt borosilicate glass in a
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microwave oven7 if it is kept on too long and if there is any inadvertent metal
deposits on the glass.* Since all glassware has potential contact with metal during
its production, all glass has the potential of melting in a microwave. It is, however,
an uncommon occurrence even during extended microwave heating sessions. The
amount of time required to sufficiently dry a sample is considerably shorter than
the time required to bring the glass to potential melting.^

The standard kitchen microwave oven has low, medium, and high settings, but
these do not indicate the level of intensity of the electromagnetic beam. Rather, it
creates cycle times for the beam to be on or off. Because hot areas are more
opaque than cold areas, hot areas get hotter than cold areas. The level settings are
used to heat areas of the material being heated, then cycle off so conduction can
heat colder sections. As the oven cycles on and off, a more uniform heating can be
created. It is unnecessary to use anything but the highest setting when drying sam-
ples, although when drying large samples, it may be prudent to use a lower set-
ting.

6.1.7 Hot Air Guns

Hot air guns are used to provide isolated, directed heat to individual targets. This
method may be used to heat an individual sample on a vacuum line or to soften
the grease on a stopcock.* Although one could use a standard hair dryer, it cannot
provide the control or endurance of an industrial-strength hot air gun.

There are two types of hot air guns: those that have a fan and those that do not.
The obvious advantage of those with fans is that they are self-contained. The dis-
advantage is that the fan motor can create sparks, which could be hazardous
depending on ambient gas conditions. The disadvantages of the motorless (no fan)
design: You must have access to pressurized air, and the unit must have both a
power cord and air hose for operation.

Motorized air guns allow extra air to enter the side of unit through an air gate to
vary the amount of extra air that can enter the air gun. The less air that can enter
the side, the hotter the air exhaust. A hot air gun can produce extensive heat which
can easily peel paint or crack a window pane. By concentrating the heat, from a
hot air gun on a glass vacuum line, it is possible to have the glass walls be sucked
in by atmospheric pressure.

* This contamination can come from tweezers that are used to hold the glass rod while they are being
bent into the required shape to the tools that are used to shape the weighing bottle.
+ The reason the melting occurred in the first place is that the original ovens from which the drying
times were determined were half as powerful as newer ovens that were later obtained. Unfortunately,
power was not considered and the original drying times were used.

* Any small-sized stopcock that requires heat to turn should be removed, cleaned, and regreased at
the first opportunity. Large stopcocks may require a hot air gun for all rotation. Because heat ages
stopcock grease faster than normal, the grease should be replaced two to three times more often than
the other stopcock grease.
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If you have pressurized air in your lab, you can use a motorless hot air gun.
These units are smaller than standard hot air guns and are typically about the size
of small home hair dryers. Motorless hot air guns only require heating filaments
because they do not have fans. To use one, a flexible tube is attached to an air sup-
ply and the hot air gun. If your lab does not have plumbed-in compressed air, or
the location of your outlet is too far away from where you want to use the hot air
gun, another option is to use a compressed gas tank of air. Do not use compressed
oxygen or any flammable gas for the air supply. You could use an inert gas, such
as nitrogen for your air supply, but it would be costly.

Adjust the outgoing air pressure to between five to ten pounds of pressure. A
needle valve on the regulator is required to regulate the amount of air passing the
heating elements. Just like a built-in fan heater, the less air coming out of the reg-
ulator, the hotter the air out of the hot air gun, and vice versa. If the air supply runs
out, you run the risk of burning the heating element. Always turn off the heating
element before turning off the air supply. Otherwise, you run the risk of burning
the heating element.

Probably the most common piece of worn or damaged equipment used in the
laboratory is a hot air gun's electrical cord. These cords are frequently frayed due
to their heavy use. Electrical cords should always be replaced as soon as there are
any signs of fraying, and hot air guns deserve no exception.

6.1.8 Electrical Resistance Heating

One of the most versatile and robust heating techniques is the use of electrical
resistance heaters. They are used in as varied heating approaches as hot plates,
mantles, heat strips, immersion heaters, and even blankets.

Although some electrical heating units are self-contained with their own electri-
cal controllers (such as hot plates), many require separate controllers. If a heating
unit has no apparent built-in mechanism with which to vary temperature, the unit
will require a separate controller.*

Some electrical heating units that require controllers will have standard electri-
cal plugs to connect into to controllers. Despite the fact that you can, do not plug
these units directly into wall outlets. Your heat demands are likely to be far less
than full electrical power, and you can only receive full power from a wall socket.
Currently, more and more electrical heating units that require electrical controllers
have special plugs that can only go into similarlyequipped controllers. Before pur-
chasing a heating unit, verify with the supplier or manufacturer what type of fit-
ting the unit is equipped with and whether it will be compatible with your existing
equipment.

The controller is nothing more than an electrical rheostat that can vary the amount of electrical cur-
rent the wires receive. This rheostat in turn also varies the amount of heat the wires can deliver.
Some controllers have built-in (or external) thermocouples that enable the controller to maintain a
specific temperature.
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Some heating units such as mantles and hot plates can use magnetic stirring bars
which are magnetized rods covered in Teflon. Stirring bars can provide two func-
tions. They can stir solutions to mix different materials together and assist the uni-
form and efficient heating of solutions. In addition, a stirring bar creates a vortex
within a solution which provides a sharp point from which boiling can occur.
Thus, using a stirring bar eliminates the need for boiling chips.

Magnetic stirring bars can be stored together, but they should be placed in a
clean, dry, and smooth container. The clean and dry requirements are obvious, but
smooth is equally important. A rough container (or dirt in the container) is likely
to scratch the Teflon. Any scratches on the Teflon may trap dirt or chemicals
which may affect future work. If you think that you will be unable to otherwise
maintain a dirt-free container, consider keeping the tubes that the magnetic stir-
ring bars are shipped in for storage.

Never rotate a spinning bar too fast because it is likely to cause splashing. Like-
wise, place the center of a flask over the center of the controller. Otherwise the
spinning bar is likely to flip around like a wounded fish, causing a lot of splashing.

Electrical Heating Tapes. These units always require separate controllers. They
come in various widths and lengths and are always flexible. Depending on the
insulating materials, they have upper heating temperature limits from 260°C to
760°C. Although the insulation may be resistant to chemical spills, the wires
within may not. Sloppiness is therefore likely to be hazardous. Some of the insu-
lations available should not be used against metal surfaces, so if you need to heat
a stainless steel container, select suitable insulation.

Electric Heating Mantles. These mantles are like a pair of cupped hands and
are designed to envelop individual round-bottom flasks. Generally, each mantle
size is designed to heat one size of flask, although there are a few mantle designs
that can hold a variety of flask sizes and other glassware styles. Because the man-
tle securely supports the flask, it cannot tip or slide out of the heater. Like steam
heating, the mantle provides heat equally along the entire lower surface of a flask.
Some mantle designs provide insulation that completely covers an entire flask.
This provides a uniform temperature throughout the flask preventing heat gradi-
ents within the solution and decreasing heat loss. Although the costs for separate
mantles for each size flask can add up, mantles provide the best (and most uni-
form) heating for long periods of monitored, or unmonitored, usage.

Mantles, like electric hot plates, may have built-in controllers, some of which
have thermostatic devices to set and control specific temperatures. In addition,
some mantles have magnetic stirring mechanisms.

Similar to heating tapes, the insulation on mantles may be resistant to chemical
spills but the wires within may not. Sloppiness is therefore potentially hazardous.
If you have a mantle with a drainage hole on the bottom, be sure to provide some
sort of collection basin underneath. Otherwise, chemicals may spill onto your lab
bench.

Immersion Heaters. These devices are lowered directly into a solution for heat-
ing. Because the heaters come into direct contact with their solutions, the major
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consideration for selecting an immersion heater is the material used to cover the
heating element. Because glass is so universally resistant to (most) chemical
attack, glass is commonly used. However, glass can easily be broken. In addition,
glass should not be used in any alkaline, hydrofluoric acid, or hot phosphoric acid
solutions as all three can dissolve glass.

The best types of immersion heater covers are made out of quartz glass. Because
of quartz glass' tremendously low thermal coefficient of expansion, it is possible
to remove a hot immersion heater from a solution and lay it on a cold bench top
without fear of the unit cracking. Although this procedure is not safe either (some-
one could touch the heater and get burned), it is possible. Equally, it is possible for
the immersion heater to have warmed up in the air and later be immersed into a
solution without fear of cracking. This is not a safe procedure (the steam or splat-
tered liquid could burn the holding hand), but it is possible.

Some inexpensive immersion heaters may be made from borosilicate glass.
Although they are not as capable of handling radical heat changes as quartz glass,
they do quite well.

Surprisingly, as long as an immersion heater is not removed from the liquid
being heated, and as long as the heated liquid is kept at moderate temperatures
(20° to 30°C), even soft glass can be used as a cover for the heating element. For
instance, immersion heaters for aquariums are often made from soft glass. They
can survive because the water becomes a heat sink for the glass, preventing rapid
heat changes that would otherwise cause it to crack or from getting too hot and
failing.

Immersion heaters with metal covers are more robust against physical abuse,
and typically copper and stainless steel are used. Copper covers may be capable of
some flexibility and can allow for adaptation to specific confined areas; however,
they are more susceptible to chemical attack.

Hot Plates. These devices have a metal (cast aluminum, stainless steel, or some
alloy), ceramic, or pyroceramic* top. Underneath the top is an electric resistance
heater. Hot plates are used for heating flat-bottom containers such as beakers and
Erlenmeyer flasks. Because hot plate tops are non-porous, there are fewer con-
cerns for spills affecting the heating elements as there are with heating mantles.
Magnetic stirring devices are commonly included with hot plates.

Pyroceramic and ceramic tops are impervious to most chemical spills. The
exceptions are typically any of the chemicals that can attack glass, such as hydrof-
luoric acid, alkali solutions, and hot phosphoric acid. Metal-topped hot plates can
take more physical abuse than ceramic or pyroceramic tops. In addition, with
metal, there are no concerns about scratches or cracks that, on a pyroceramic top,
could lead to further deterioration. Metal-topped hot plates are, however, subject
to corrosion from chemical spills.

Never place a cold beaker or Erlenmeyer on a heated hot plate, and likewise
never take a hot beaker or Erlenmeyer and place it on a cold bench as either could

Pyroceramic is a translucent material made by Corning that has both glass and ceramic properties.
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cause the bottom of the container to break by thermal shock. One way to reduce
the amount of thermal shock when transferring a container on or off the hot plate
is to place it on something with less heat capacity, such as a wire screen.

Hot plates are also used to heat one type of material so that a second may be
heated. These secondary heaters may include water baths, oil baths, sand traps, or
aluminum plates. Water and oil baths are typically used to heat a drying flask on
vacuum evaporators. Oil baths are more messy and require special clean up, but
the oil (typically a silicone oil) will not evaporate during drying processes that can
take up to several hours. Stronski came up with a very simple and easy solution to
limit water evaporation. Stronski8 recommended that the user float Styrofoam
popcorn or chips up to three inches deep on water. This suggestion not only lim-
ited evaporation, but extended the maximum controlled temperature range.

The advent of various brands of microware laboratory equipment (originally
developed by Mayo, Pike, and Butcher of Bowdoin College ) created a problem
of how to heat these new, smaller flasks. Two techniques have developed. The first
involves placing the microflasks into sand. The advantage of sand is that it can
easily fill into all the external nooks and crannies of any container and provide
excellent, evenly distributed heat. The disadvantage of sand is that it is a poor heat
conductor and can thus require a long time to be heated to a satisfactory tempera-
ture. In addition, once you remove a flask, it is not easy to reinsert a new flask into
the "filled-in" hole.

An alternative approach is a solid aluminum block. This idea was developed
jointly by Siegfried Lodwig of Centralla College and Steve Ware of Chemglass,
Inc. Aluminum conducts heat excellently and can be easily machined to accom-
modate different sized flasks. The success of aluminum heat blocks caused Lod-
wig to use them also for a variety of other heating techniques that had nothing to
do with microware.

Because a variety of individual holes may be drilled into a single aluminum
block, it is possible to easily rotate different-sized flasks on a random basis with
ease and have separate holes for thermometers as well. The thermometer allows
you to easily monitor temperatures for various thermostat settings. By graphing
these temperatures settings, one can easily set a temperature on a Variac as easily
as setting a temperature on a stove.

Drying Ovens. These units are used to facilitate the drying and storage of glass-
ware that needs to be dry and ready at a moment's notice. Drying ovens are also
used to dry samples for weighing.

Glassware should never be wiped dry because the wiping process could easily
contaminate the surfaces. There is no reason to dry glassware that will be getting
wet immediately after washing. Similarly, there is no reason to place items in a
drying oven that could otherwise drip dry. Glass typically has a certain amount of
adsorbed water at all times. The only way to reduce this water is with heat and/or
vacuum. The drying oven provides limited assistance for the former and will not
only help to remove some of this water, but if the container is left in the oven, will
help keep the water from returning as long as the glassware remains in the oven.
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The last rinse before placing glassware into a drying oven should be with dis-
tilled or deionized water. Regular tap water may leave remains (seen as spots) that
will contaminate the glassware. If possible, rotate the glassware so that liquid can
drain during the drying process. Although it is acceptable to use technical grade
acetone or methanol for a final rinse when not using a drying oven, never use
either of them in conjunction with a drying oven. Flames or even an explosion can
result from such a combination.

Drying ovens are typically set at 120°-130°C, which is well below the recom-
mended temperature of about 400°C needed to remove all adsorbed water. Con-
trary to misconception, it is completely safe to place any borosilicate volumetric
ware in a drying oven. The temperature is way below what is needed to cause any
distortion and resultant volume changes (see Sec. 2.3.5). Objects placed in drying
ovens should remain three to four hours, so that the drying of the glass (the
adsorbed water) can reach an equilibrium. Otherwise, if items look dry, they prob-
ably are dry.

Never place plastic items into a drying oven, especially items made of Teflon.
Typically, there is enough heat leaking through the top of a drying oven for plastic
items to be placed on the top for drying. To prevent the plastic items from
scratches or contamination, place them into an Erlenmeyer flask or beaker. When
assembling Teflon stopcocks where the barrel was just removed from a drying
oven, wait until the item is completely at room temperature before final assembly.
A Teflon stopcock that is snug when warm is likely to leak when cooled to room
temperature.

6.1.9 Alternatives to Heat
Heat is typically used to bring a solution to its vapor point (boiling) so that it may
be distilled, reduced, or purified. Although this procedure works in most cases, not
all solutions can be safely heated. Some materials break down in heated condi-
tions, and some do so violently. Fortunately, there are two alternative methods to

Teflon-coated
stirring bar

Place a Dewar (filled with an
appropriate coolant) over this
container to collect the solvent
from the flask on the left

Magnetic stirring
(and possible

heating) device

Fig. 6.4 A static vacuum can be used to remove solvents from samples.
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obtain the vapor pressure of a material; one is to raise the heat, the other is to
lower the pressure. By using a vacuum (see Chapter 7) to obtain the vapor pres-
sure of a solvent, the solvent will boil off, leaving the material behind. This proce-
dure can be done at room temperature or slightly above room temperature.

The catch to the vacuum method is that you must have a controlled boil without
which the material and/or solvent are liable to be sprayed all over your vacuum
system. Although a solvent can easily be pumped out of a vacuum system, it can
cause serious problems if it remains in contact with stopcock grease, O-rings, or
mechanical and/or diffusion pump oils. Any particulate material deposited within
a vacuum line can only be removed from the vacuum line by disassembly and
cleaning. With a glass vacuum system, such a cleaning may be difficult or impos-
sible.

The standard approach to maintaining a controlled boil is to use boiling chips as
one uses when boiling materials over a Bunsen burner. However, these chips have
limitations because they may be very difficult (or impractical) to remove at a later
time.

One of the best approaches for maintaining a controlled boil is to place a Teflon-
coated stirring bar in a flask and then place the flask over a magnetic stirring
device (as mentioned in Sec. 6.1.8). In a medium- to high-vacuum system (103 to
10"5 torr), this activity can be done in a static vacuum with a container sitting in
liquid nitrogen (or a slush bath; see Sec. 6.2.7) near the material in question (see
Fig. 6.4). The liquid nitrogen acts as a cryopump, thereby trapping all the solvent
boiling off and maintaining a constant pressure and, therefore, a constant boil. If
your using liquid nitrogen, do not pour it around the trap until after the vac-
uum line has been evacuated to prevent trapping of oxygen, otherwise the
system may later blow up due to expanding gases (see Sec. 7.4.3)

6.2 Low Temperature

6.2.1 The Dynamics of Cold in the Lab
Cold can be used in the laboratory to prevent an experiment from getting too
warm, to slow the rate of a reaction, to transfer materials in a vacuum system, to
allow for the separation of materials (with fractional condensation), to decrease
the vapor pressure of materials so as to trap them in vacuum systems, or as a
(cryogenic) vacuum pump.

The physical mechanisms of cold transfer are the same as heat transfer and use
the same physical processes of conduction, convection, and radiation/absorption
(for more information on these processes see Sec. 6.1.1).

Both hot and cold express different degrees of thermal energy and are directly
related to each other. The decision of what is hot or cold is a subjective choice.
Heat (energy) always transfers to cold (lack of energy). So, whichever object is
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relatively hotter will transfer some of its thermal energy to the object that is rela-
tively colder. Thus, the water running through a condenser does not cool the con-
denser. Rather, the condenser loses some of its heat to the water, which in turn
leaves the condenser (by way of tubing) and is replaced by water, ready to be
heated. As the heated water is removed, it takes that amount of heat energy away
from the condenser. Although this distinction may seem inconsequential, it is fun-
damental to the understanding of what is taking place in the cooling process.
Cooling could also be considered a "removing heat" process.

To cool materials in the lab, you need to select cooling materials that are suffi-
ciently cold and have the heat capacity to remove the necessary thermal energy.
The following subsections describe techniques used to make things cold in the
laboratory.

6.2.2 Room Temperature Tap Water (=20°C)
Water is used as a coolant in condensers and diffusion pumps. For simple exother-
mic reactions, you can use water as a heat sink by placing glassware (containing a
reaction) into a water bath. Alternatively, in an exothermic reaction, you can also
use a cold finger of running water to prevent overheating. However, all these
examples can only cool to the temperature of tap water (usually room tempera-
ture). For every step below room temperature, more equipment and money are
required.

6.2.3 Ice (0 C)
Many labs have freezers or ice machines to make ice.* If the ice is in cubes or
blocks, it will be necessary to smash it into more usable, smaller, crushed pieces.
The ice should be placed in some kind of cloth bag (or the like) during smashing,
to prevent the ice pieces from flying around the room. Be sure to wear safety
glasses any time you are smashing anything—and watch the fingers!

6.2.4 Ice with Salts (0 C to -96.3 C)
Various salts can cause freezing point depressions. These depressions are the
results of the ions' colligative properties within solution. A significant freezing
point depression is created not by any particular type of material, but rather by the
number of particles you have in solution. The effects can be enhanced by achiev-
ing a supersaturation of material. For example, if you mix ice with a salt such as
NaCl, you will end up with two particles within solution (Na+ + Cl") (the tempera-
ture of ice water supersaturated with sodium chloride (23% by weight) is -
20.67°C). If you place a salt such as CaCl2- H2O into ice, you will end up with
three particles within the solution (Ca+ + 2C1~) [the temperature of ice water

* If you constantly lose the scoop in the ice, tie one end of a string or cord on the scoop and tie the
other end on the ice machine.
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supersaturated with calcium chloride (30% by weight) is -41.0°C]. Furthermore,
because you can get more methanol saturated into the ice water (68% by weight),
you can achieve a greater freezing point suppression (-96.3°C). To a certain
degree, you are limited by the solubility of a compound. Materials such as
Ca(NO3)2 and H2SO4 have unlimited solubility. However, because of the corrosive
nature of H2SO4 it is not a good choice for general use. Table 6-1 lists a wide vari-
ety of salts and compounds and their freezing point depressions by percentages of
weight.

6.2.5 Dry Ice (Frozen Carbon Dioxide) (-78 C)
Dry ice comes in blocks that are wrapped in paper and are kept in specially insu-
lated ice boxes. Because there is no liquid stage of CO2 at STP, there is no fear of
liquid leaking out of these paper containers (the triple point* of dry ice is at 5.2
atm and -57°C).

Never handle dry ice with your bare hands. At 1 atm, dry ice sublimes at -78°C.
At these temperatures, severe tissue damage could result. You should always use
heavy thermal gloves or tongs.

Dry ice, like water ice, can be smashed into smaller, more practical pieces. Like
regular ice, it should be placed in a cloth bag for smashing to prevent ice chips
from flying around the room.

6.2.6 Liquid Nitrogen (-195.8 C)
Liquid nitrogen is deceptively dangerous; it looks like water, but at its extremely
cold temperature (-195.8°C), liquid nitrogen can do extensive tissue damage. A
common lab demonstration is to place a flower into a Dewar of liquid nitrogen,
remove the flower, and hit, or crush, the flower with a blunt object. The previously
soft flower shatters as if made of fine glass. A finger can shatter just as easily.

Liquid nitrogen is shipped and stored in large insulated liquid/gas tanks (see
Sec. 6.2.10). To dispense liquid nitrogen out of the large insulated storage tank,
connect a metal tube to the "liquid" valve on the tank. Then place a receiving ves-
sel over the end of the tube, and open the liquid port valve until the desired
amount is obtained (see Fig. 6.8).

Liquid nitrogen should only be transported and held in double-walled, insulated
containers. Transport containers should have narrow necks to avoid spillage (see
Fig. 6.9).

Never leave liquid nitrogen in noninsulated containers (i.e., beakers). In a nonin-
sulated container, liquid nitrogen will boil away very fast and thereby require con-
stant replacement (an economic loss). In addition, any water condensation will
cause the container to freeze onto its resting surface, making it difficult to move
without breaking the beaker and increasing the potential danger. Finally, the most

* The triple point of a compound is when the atmospheric pressure and temperature are compatible
for the solid, liquid, and gas forms to exist in equilibrium at the same time.
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important reason to never place liquid nitrogen in a noninsulated container is that
someone may inadvertently try to pick up the container and severely burn his or
her hands.

6.2.7 Slush Baths (+13° to -160 C)
A slush bath can be described as a low-melting-point liquid (typically a hydrocar-
bon solvent) that is being kept in a partially frozen state by either liquid nitrogen
or dry ice. The temperature will remain constant as long as you continue to add
liquid nitrogen, or dry ice, to the bath to maintain its "slushy" state. Table 6-3 is a
comprehensive list of slush baths made of dry ice (CO2) and liquid nitrogen (N2).
Duplicate temperatures indicate a choice of solvent or coolant.

To make a slush bath, pour the selected low-melting temperature liquid into a
Dewar, then pour the coolant in while stirring briskly. A wooden dowel is wonder-
ful for stirring because it will not scratch the Dewar's surface. There is no concern
for contamination from the dowel because it is not likely to affect the performance
of the slush bath.

During the mixing process, tremendous amounts of solvent fumes are likely to
be given off along with condensed water from the air. Therefore, the original prep-
aration of a slush bath should be done in a fume hood. Once the slush bath begins
to reach equilibrium, the amount of vapors leaving the Dewar decreases and it is
safe to remove the bath from the fume hood.

To make a liquid nitrogen slush bath, first pour the desired low-melting temper-
ature liquid into a Dewar. Then slowly, while constantly stirring, add the liquid
nitrogen until the desired consistency is achieved. Different low-melting liquids
will have different viscosities. It is therefore desirable to know the potential vis-
cosity limits of the slush bath you are using. This information is best retained by
asking someone; otherwise, make a test slush bath before you set yourself up for
an actual experiment or process. Knowing the viscosity of a certain slush bath is
important, otherwise you may expect one slush bath to be as thick as another, and
you might add an excess of liquid nitrogen. If you add too much liquid nitrogen, it
will become the predominant cooling medium and the resultant temperature will
be cooler than listed in Table 6.3. However, as the liquid nitrogen boils off, the
temperature will settle to the listed temperature.

To make a dry ice slush bath, be sure that your low-melting-temperature liquid
has a freezing point above -78°C. Follow the same procedure as with the liquid
nitrogen bath above, but use crushed dry ice. When crushing dry ice, use a ham-
mer (not a pair of pliers or a wrench) and place the dry ice in a cloth bag so the
pieces do not fly around the room. Always handle dry ice with thermal gloves or
tongs, and never handle dry ice with your bare hands or you might severely burn
your hands and fingers. The primary advantage of using dry ice over liquid nitro-
gen is that it is less expensive, safer to work with, and more readily available. On
the other hand, it is more difficult to work with. Similar to liquid nitrogen, if you
add too much dry ice, it becomes the predominant cooling medium and the result-
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ant temperature will be cooler than listed in Table 6.3. As the dry ice evaporates,
the temperature will settle to the listed temperature.

By combining mixtures of organic solvents, it is possible to achieve tempera-
tures that you may not otherwise be able to obtain because of lack of material or
to avoid other materials. For example, with various combinations of ortho- and
meta-xylene and dry ice, you can achieve temperatures from -29°C to -72°C (see
Table 6-1).

Regardless of which coolants or low-melting-point liquids are used to make a
slush bath, no slush bath combination can be a perpetual (static) temperature sys-
tem. Rather, a slush bath is a dynamic collection of materials that are either set-
tling or boiling off. Thus, they require constant monitoring with (preferably) two
liquid-in-glass thermometers* (or a thermocouple probe), consistent agitation, and
occasional replenishing of coolant.

An alternative to the slush bath is the coolant, or cooling bath. These baths are
handy when you may not have (or wish to use) the required low-melting-tempera-
ture liquid for a particular temperature. However, they require more work to main-
tain their specific temperatures. Liquid nitrogen is recommended for cooling baths
because dry ice can be difficult to introduce to the bath in sufficiently small
amounts. Like the slush bath, the cooling bath should be mixed in a fume hood.

The cooling bath differs from the slush bath because less coolant is used during
initial mixing. Thus, the mixture never obtains the slushy state of the slush bath.
The resultant bath temperature is warmer than the coolant, and by varying the
amount of coolant you can vary the temperature. The trick is to select a low-melt-
ing-point liquid that is sufficiently low to provide a wide working temperature
range. One good cooling bath liquid is methanol, which has a freezing tempera-
ture of -98°C, is reasonably safe to use,f and can easily be used for cooling baths.
Another reasonably safe, low- melting-point liquid is petroleum ether (30°-60°)
which has a freezing point of approximately -120°C, and can thereby provide a
greater range of low temperatures.

The difficulty involved with cooling baths is that you control the temperature by
varying the amount of coolant in the mix. This control requires constant attention
and the slow but constant addition of more coolant as the bath continues to warm
during use. Despite the extra labor, many people prefer cooling baths because
there is a greater choice of safe solvents. In addition, fewer solvents must be
stored to obtain a wide range of temperatures.

By using two liquid-in-glass thermometers, you can verify the quality of both thermometers by
their agreement in temperature readings. If the temperatures do not agree, one of the thermometers
may have a bubble in the stem or some other defect. Unfortunately, this trick does not let you know
which is the defective one, but it provides a clue to the problem.
+ Methanol is flammable and poisonous.
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Table 6-1 Temperature Variations
with Combined Organic Solvents0

% o-Xylene

100

80

60

40

20

0

% m-Xylene

0

20

40

60

80

100

Temperature
(«°C)

-29

-32

-44

-55

-68

-72

(±2°C)

(±2°C)

(±2°C)

(+2°C)

(±2°C)

(±2°C)

" Data interpolated from a graph from the article by A.M. Phipps and D.N. Hume, "General Pur-
pose Low Temperature Dry-Ice Baths," Journal of Chemical Education, 45, p. 664 (1968).

6.2.8 Safety with Slush Baths
Because the low- melting-point liquid in the slush bath is near its freezing temper-
ature, there is little concern over toxic fumes as when working with some chemi-
cals at room temperature. However, in the beginning, you must work in a fume
hood because of the copious amounts of fumes released from the low- melting-
point liquid. Once the slush bath is made, it is safe to remove it to the lab. How-
ever, it is best to leave the slush bath in the fume hood if at all possible. If the
slush bath is used in the lab, move the slush bath to the fume hood immediately
after your work is completed.

Never pour a slush bath down the sink. The low temperatures can destroy
plumbing! Instead, let the coolant boil off in a Dewar in the fume hood. Later, the
low-melting-point liquid can be saved and reused.

Because slush baths achieve very low temperatures, protect your hands from the
extreme cold. This protection presents some problems with the current tempera-
ture-protecting gloves available and problems inherent with slush baths. Thermal
gloves made out of Kevlar,* a plastic, can be dissolved by some organic solvents.
Thermal gloves made out of fiberglass are okay, but they are very slippery. In
addition, broken glass fibers from fiberglass gloves can get under the skin and itch
for many days. Asbestos gloves^ are not allowed in most states. My personal
choice among all these suggestions would be the Kevlar gloves and don't be
sloppy.

Kevlar gloves are banana yellow with a surface like terry cloth.
f If your laboratory still has some asbestos gloves, you may need to check with your safety officer or
the Department of Health in your area for proper disposal.
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Table 6-2 Freezing Point Depressions of Aqueous Solutions

Compound

Acetic acid
(CH3COOH)

Acetone
(CH3COH3)

Ammonium hydrox-
ide
(NH4OH)

Ammonium chloride
(NH4C1)

Ammonium sulfate
((NH4)2SO4)

Barium chloride
(BaCl2H2O)

Calcium chloride
(CaCl2H2O)

Cesium chloride
(CsCl)

% Soln.
byWt.

1.0
5.0

10.0
20.0

30.0

36.0
1.0
5.0

10.0
1.0
5.0

10.0
20.0
30.0

1.0
5.0

10.0
1.0

5.0
10.0
16.0

1.0
5.0

10.0
16.0

1.0
5.0

10.0
20.0
30.0

1.0
5.0

10.0
20.0

Temp

LJ°C>
-0.32
-1.58
-3.23
-6.81

-10.84

-13.38
-0.32

-1.63
-3.29
-1.14
-6.08

-13.55
-36.42
-84.06
-0.64

-3.25

-6.95
-0.33
-1.49
-2.89
-4.69
-0.22
-1.18
-2.58
-4.69
-0.44
-2.35
-5.86
-18.3
-41.0
-0.20
-1.02
-2.06
-4.49

Compound

Ethanol
(CH3CH2OH)

Ethylene glycol
(CH2OHCH2OH)

Ferric chloride
(FeCl3-6H2O)

Formic acid
(HCOOH)

D-Fructose
(levulose)
(C6H12O6)

D-Glucose
(dextrose)
(C6H12O61H2O)

% Soln.
byWt

1.0
5.0

10.0
20.0
32.0
40.0

52.0
60.0

68.0
1.0
5.0

10.0
20.0
32.0
40.0
52.0

56.0
1.0
5.0

10.0
20.0
30.0

1.0
5.0

10.0
20.0

32.0

40.0
52.0
60.0
64.0

1.0

5.0
10.0
20.0

1.0
5.0

10.0
20.0

30.0

Temp
(°C)

-0.40
-2.09
-4.47

-10.92
-22.44

-29.26
-39.20
-44.93

-49.52
-0.15
-1.58
-3.37
-7.93

-16.23
-23.84
-38.81
-44.83

-0.39
-2.00
-4.85

-16.14
-40.35
-0.42
-2.10
-4.27
-9.11

-15.28

-20.18
-29.69
-38.26
-43.02
-0.10
-5.44

-1.16
-2.64

-0.11
-0.55

-1.17
-2.70

-4.80
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Table 6-2 Freezing Point Depressions of Aqueous Solutions (continued)

Compound

Glycerol
(CH2OHCHOHC
H2OH)

Hydrochloric acid
(HC1)

Lithium chloride
(LiCl)

Methanol
(CH3OH)

Nitric acid
(HNO3)

Phosphoric acid
(H3PO4)

Potassium bromide
(KBr)

% Soln.
byWt.

1.0
5.0

10.0
20.0
36.0

1.0
5.0

10.0
12.0
1.0
5.0

10.0
14.0
1.0
5.0

10.0
20.0
32.0
40.0
52.0
60.0
68.0

1.0
5.0

10.0
19.0
1.0
5.0

10.0
20.0
30.0
40.0

1.0

5.0
10.0
20.0
32.0

Temp
(°C)

-0.18

-1.08
-2.32
-5.46

-15.5
-0.99
-5.98

-15.40
-20.51

-0.84

-4.86
-12.61
-21.04
-0.28
-3.02
-6.60

-15.02
-28.15
-38.6
-58.1
-74.5

-96.3
-0.56
-2.96
-6.60
-15.3
-0.24
-1.16
-2.45

-6.23
-13.23
-23.58

-0.29
-1.48
-3.07
-6.88

-12.98

Compound

Potassium carbonate

OtjCCVlVjHjO)

Potassium chloride
(KC1)

Potassium iodide
(KI)

Sodium chloride
(NaCl)

Sodium hydroxide
(NaOH)

Sodium nitrate
(NaNO3)

Sulfuric acid
(H2SO4)

% Soln.
byWt

1.0

5.0
10.0
20.0
32.0
40.0

1.0
5.0

10.0

13.0
1.0
5.0

10.0
20.0
30.0
40.0

1.0
5.0

10.0

20.0
23.0

1.0
5.0

10.0
14.0
1.0
5.0

10.0
20.0
30.0

1.0
5.0

10.0
20.0
32.0

Temp
(°C)

-0.34

-1.67

-3.57
-8.82

-21.46
-37.55

-0.46
-2.32
-4.81

-6.45
-0.22
-1.08

-2.26
-5.09
-8.86

-13.97
-0.59
-3.05
-6.56

-16.46
-20.67

-0.86
-4.57

-10.47
-16.76
-0.40
-1.94
-3.84
-7.81

-11.28
-0.42

-2.05
-4.64

-13.64
-44.76
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Incidentally, when making slush baths out of organic solvents, do not use uten-
sils (such as stirrers) that will dissolve in the organic solvent you are using.
Although a thermometer may already be in the container and ready to stir with, do
not use it as your stirrer because it may break from the torsional forces of stirring
the thick slush. Wooden dowels are excellent for mixing because they are strong
and will not scratch the surface of a Dewar. You can always hold a thermometer
and wooden dowel together and stir as a single device.

A potentially explosive situation can develop when an acetone slush bath is left
sitting for an extended period. Over time, the acetone and dry ice separate and the
acetone floats to the surface, whereas the dry ice settles to the bottom of the
Dewar. The acetone soon warms up to near room temperature, but the dry ice
remains near the slush bath temperature of -77 °C. If any agitation causes the
warmed acetone to cut into the dry ice slush on the bottom, a flume of boiled off
CO2 can erupt. This flume will carry the acetone layer that was on the surface in a
large spray all around the area. If there is a flame or spark (from a motor) in the
path of the acetone, this accident could have far greater consequences. This situa-
tion can be easily avoided by constantly mixing the solution. A safe alternative to
the acetone slush bath is the ethanol slush bath. The ethanol slush bath is some-
what warmer (-72°C) but does not display the same potentially dangerous capabil-
ities.

6.2.9 Containment of Cold Materials
There are two concerns for the storage of cold materials: longevity of the material
and safety to the user. For example, if you place an ice cube on a lab bench, it will
melt. On the other hand, if you place an ice cube in an insulated container, it will
also melt—but it will take longer. By providing insulation, you have added to the
ice cube's longevity. If you hold an ice cube for an extended time, your hands will
soon become so cold that eventually you will need to drop the ice cube. However,
if you hold an insulated container containing an ice cube, there is no discomfort.

The reason for stating the obvious is to establish the purpose of specialized con-
tainers for containing cryogenic solutions. A properly made container protects the
materials inside the container and also protects the users outside. In addition, the
container should be able to reasonably deal with the expected physical abuses that
may be encountered within the lab. The final selection of a cryogenic container is
based on its shape, design, construction material, use, and function. Although it is
possible to use a Styrofoam cup to contain cryogenic materials such as liquid
nitrogen, it is a poor choice for the demands of a laboratory. On the other hand,
placing tap water in a Dewar may be a waste of money. As with most decisions in
the lab, common sense must be used when making equipment selections. Ulti-
mately, the selection of the quality, shape, and design of a coolant container may
be based on six criteria:

1. Cost of coolant. If the coolant is inexpensive and readily available, you
don't need a highly efficient container.
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2. The coldness of the coolant. The greater the temperature difference of
the coolant from the ambient room temperature, the better the quality
of insulation required.

3. Use of the container. Will the container be stationary most of the time

with little contact? Will the container be used indoors or out?

4. The handling abilities of the user. Is the user clumsy or careful?

5. The operational use of the coolant. Will the coolant need to be left
unattended for long periods of time?

6. The cost of the container. A 1-liter beaker costs = $5.00 at list prices. A
1-liter glass Dewar costs ~ $45.00. A 1-liter stainless steel Dewar
costs = $95.00.

Dewars. Dewars are the best and most commonly used cryogenic containers in
the laboratory. Their ability to maintain a temperature is exceptional. They are
used in most labs where dry ice is found and in all labs where liquid nitrogen is
found. Dewars are also found in many lunch boxes as Thermos bottles. Dewars
are typically identifiable as a hollow-wall glass container with a mirror-like finish.
That "mirror" finish is a very accurate description because the silver coating on
Dewars is the same as is used on mirrors.

As can be seen in Fig. 6.5, the Dewar is a double-wall glass container which is
coated on the inside with a silver deposit. During manufacturing, after the Dewar
is silvered, it is attached to a vacuum system and evacuated to about 10"6 torr
before being "tipped off' (see Sec. 8.2) to maintain the vacuum on the inside. The
Dewar achieves its temperature maintenance capabilities because of three differ-
ent principles:

1. Glass is a poor conductor of heat, meaning that there will be very little
temperature exchange from the coolant inside the Dewar with the rest
of the container not in contact with the coolant.

Alternate Dewar
shapes

The inside of
both glass walls

-. are silvered.

i The inside cavity
between the two
walls is evacuated.

The bottom of the

Dewar is sealed off.

Fig. 6.5 A cross section of the Dewar and alternate Dewar designs.
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2.

3.

The vacuum (within the double walls of the Dewar) cannot conduct heat.
Because temperature cannot cross this "vacuum barrier," the cooling
is further contained within the Dewar.

The silvered coating on the inside of the Dewar reflects radiation. The
silvered coating prevents heat loss/exchange with the outside world.

For all of these features to be available in one package is an impressive feat.
However, because glass can break under rugged conditions, it sometimes is pref-
erable to use Dewars that are made out of stainless steel. Although stainless steel
Dewars do not have all three of the heat exchange barriers of glass (stainless steel
is not a good conductor of heat, but it conducts heat better than glass), they can
stand up to far more physical abuse.

Table 6-3 Slush Bath Temperatures

Solvent

p-Xylene

p-Dioxane
Cyclohexane

Benzene

Formamide

Aniline
Diethylene glycol
Cycloheptane

Benzonitrile
Benzyl alcohol

Ethylene glycol

Propargyl alcohol

1,2-Dichlorobenzene
Tetrachloroethane

Carbon tetrachloride

Carbon tetrachloride

1,3-Dichlorobenzene
Nitromethane
o-Xylene

Bromobenzene
Iodobenzene

m-Toluidine

Thiophene
3-Heptanone

Acetonitrile
Pyridine

Acetonitrile

CO2 or N2

co2

co2

co2

co2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

°C

13

12
6

5

2

-6
-10
-12

-13
-15

-15

-17

-18
-22

-23

-23

-25
-29
-29

-30
-31

-32

-38
-38

-41
-42

-42

Solvent

Benzyl bromide

Cyclohexyl chloride
Chlorobenzene

Cyclohexanone
m-Xylene

n-Butylamine

Benzyl acetate

Diethyl carbitol
n-Octane
Chloroform

Chloroform

Methyl iodide
Carbitol acetate

f-Butylamine

Ethanol

m-Xylene

Trichlorethylene

Isopropyl acetate
o-Cymene
p-Cymene

Butyl acetate
Acetone

Isoamyl acetate

Acrylonitrile
Sulfur dioxide

n-Hexyl chloride
Propylamine

Ethyl acetate

CO2 or N2

co2

co2

co2

co2

co2
co2

co2

co2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

°C

-43

-44
-45

-46
-47

-50

-52

-52
-56
-61

-63

-66
-67

-68

-72

-72

-73

-73
-74
-74

-77
-77

-79

-82
-82

-83
-83

-84
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Table 6-3 Slush Bath Temperatures (continued)

Solvent

bthyl methyl ketone
Acrolein

Amyl bromide

n-Butanol

i-Butanol

Isopropyl alcohol
Nitroethane
Heptane
n-Propyl acetate

2-Nitropropane

Cyclopentane
Ethyl benzene

Hexane

Toluene
Cumene

Methanol
Methyl acetate
Isobutyl acetate

Amyl chloride

Butyraldehyde

Diethyl ether

CO2 or N2

co2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

°C

-86
-88

-88

-89

-89

-89
-90
-91
-92

-93

-93
-94

-94

-95
-97

-98
-98
-99

-99

-99

-100

Solvent

Propyl iodide

Butyl iodide

Cyclohexene
s-Butylamine

Isooctane

1-Nitropropane
Ethyl iodine

Carbon disulfide
Propyl bromide

Butyl bromide
Ethyl alcohol

Isoamyl alcohol

Ethyl bromide

Propyl chloride

Butyl chloride
Acetaldehyde
Methylcyclohexane

n-Propanol
n-Pentane

1,5-Hexadiene

iso-Pentane

CO2 or N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2

N2
N2
N2

N2

N2

N2

N2

°C

-1U1

-103

-104
-105

-107

-108
-109

-110
-110

-112
-116

-117

-119

-123

-123
-124
-126

-127
-131

-141

-160

Glass Dewars should always be wrapped with fibered tape (not masking tape) to
prevent glass from flying around in the event that the Dewar is accidentally bro-
ken. Some commercial Dewars have a plastic mesh. This mesh is acceptable, but
wrapping with tape provides much better support to prevent flying glass. In addi-
tion, wrapping with white tape (such as any sport tape) provides one extra level of
insulation for the Dewar than if the Dewar was wrapped with black tape (see Sec.
7.4.4). Dewars come in a variety of shapes and sizes as can be seen in Fig. 6.5.

If frost appears on the outside of a Dewar, the vacuum within has deteriorated
and the Dewar is no longer usable. This deterioration is typically caused by an
imperfect tip-off at the base of the Dewar. It may take months or years for a Dewar
to lose its vacuum; but once the vacuum is gone, the Dewar cannot effectively
hold cryogenic fluids. It is possible, however, for a glass shop to open the Dewar,
clean, re-silver, re-evacuate, and re-tip-off.

Foam-Insulated Containers. Foam-insulated containers are an inexpensive
alternative to Dewars. They are doublewalled (hollow-walled containers that are
filled with an insulating foam instead of a vacuum. These containers (which come
in as many shapes and sizes as regular Dewars) are significantly less expensive but
much less efficient than standard Dewars.
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Foam-insulated containers are adequate for some slush baths, but will require
more effort to maintain the coolant. Foam-insulated containers should never be
used for long- or short-term storage of cryogenic liquids. They may be used for
cryogenic liquid transport, but there will be significantly more loss of the liquid
coolant (even in limited transport) than from a regular Dewar.

Beakers and Flasks. Beakers and flasks are the least effective containers for
cryogenic materials because there is no insulation whatsoever. However, if the
coolant is only water, ice, or a salt/ice mixture, not much insulation is required.
There is little concern for rapid material loss with these coolant solutions because
they are easy and inexpensive to replace. In addition, it is (usually) safe to pick up
these containers with your bare hands. If any ice forms on the sides of a container,
it is simple to use gloves or tongs to pick up the beaker or flask and prevent possi-
ble skin damage.

6.2.10 Liquid (Cryogenic) Gas Tanks

Nitrogen, argon, and oxygen can be stored in liquid form in cryogenic gas tanks.
As can be seen at the left of Fig. 6.6, they are large containers (about four and
one-half feet tall and 20 inches in diameter). These tanks are in fact highly rein-
forced double-walled Dewars and can maintain the various cryogenic gases in liq-
uid states (at room temperature) with a minimum of bleed-off.

Liquid nitrogen is used almost exclusively as a coolant in the lab. Liquid argon
and oxygen are not used as coolants, but they may be used in the lab or in industry
when large quantities of these gases are required. The liquid form of the gas occu-
pies much less space than the equivalent quantity of compressed gas. In addition,
less time is lost in changing the equivalent number of tanks that would otherwise
be required.

There are two major types of cryogenic tanks: one used primarily for liquid dis-
pensing (see Fig. 6.6 and Fig. 6.7) and another used primarily for gas dispensing
(see Fig. 6.6 and Fig. 6.10). Both are similar in size, both have rings of sheet metal
around their tops to protect their valves from impact, and both have float devices
on the top that indicate approximate liquid volume.

Both of the cryogenic tank designs have a tare (net) weight of =230-250 lb,
depending on design and manufacturer. When filled with a gas, the tank's weight
is considerably greater: With nitrogen its weight is >300 lb, with oxygen its
weight is >400 lb, and with argon its weight is >500 lb.12 Unless you have the
proper training and equipment, never attempt to move a cryogenic gas tank by
yourself. Should one of these tanks be tipped over and rupture, the potential dam-
ages and injuries could be extensive.

The Liquid Dispensing Tank. As opposed to high-pressure tanks filled with a
highly compressed gas, cryogenic gas tanks hold the liquid form of a gas and are
insulated to maintain the cryogenic temperatures necessary to maintain the gas in
its liquid state.
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Tube to vent, pressure
gauge, container
bursting disk, and

safety release valve

Level gauge

float

Double wall
insulated
container

Pressure
building

coil

Vaporizor
coil (to

use valve)

Liquid Dispersing
Design Liquid fill and

withdrawal tube

Gas Dispersing
Design

Fig. 6.6 The internal designs of liquid and liquid/gas dispersing cryogenic tanks.
From Instruction Manual PLC-180A and PLC-180LP, Figs. 3 and 8, by MVE,
Bloomington, MN 55425, reproduced with permission.

Although the liquid dispensing tank can provide gas, it is best suited for dis-
pensing liquids. The tank develops a head* pressure of 20 to 30 psig, which is suf-
ficient to dispense the liquid gas (like a seltzer bottle) at a reasonable flow rate. If
you remove the gas (as opposed to the liquid) at too fast a rate, the head pressure
drops sufficiently that the amount of discharge equals the rate of gas creation, and
the pressure drops to zero.

As seen in Fig. 6.7, the liquid dispensing tank has a gas port, liquid port, and a
third port with a pressure gauge. Normal pressures are around 20 to 30 lb/in.2.
This pressure will change as liquid is dispensed or as the temperature conditions
of the room change. Attached to the pressure gauge is a pressure release valve to
prevent excess pressure buildup. Above a predetermined pressure, any excess
pressure would pass out through the release valve with a loud, hissing sound. If
this release occurs, do not become alarmed, because the safety valve is simply
doing its job.

Each port on a cryogenic tank should have a small, metal tag identifying each
valve as gas or liquid. Unfortunately, these tags are often broken off, leaving you
with little idea of which port is which. Figure 6.7 shows one configuration that can
be used for reference. However, not all manufacturers follow this pattern. If the

The "head" is the gas space within the container, above the liquid.
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Float valve volume gauge

Protective ring

Valve handles

Ends are
threaded for
proper gas, or
liquid, removal.

Gas port

Burst
disk

Relief
valve

SIDE VIEW

Liquid port

TOP VIEW
(enlarged from the

side view)

Fig. 6.7 The liquid (cryogenic) gas tank for liquid dispensing.

tags are broken off, you have three ways of finding out which of the two ports will
deliver gas or liquid, respectively;

1. Call the supplier of the tanks and ask which valve delivers gas and
which delivers liquid.

2. See if there are any tanks elsewhere in your building of that type and/or
design. Because it is likely that any tanks from the same supplier will
be of the same type, it is a safe guess that the valve setup will be sim-
ilar.

3. Open and close the valve quickly several times to see what comes out.
Be sure that the area in front of the valve is free from materials that
could be damaged by cryogenic temperatures. The first thing out of
the liquid port will most likely be gas because it may take a moment
or two for the liquid to arrive. Be sure you have adequate ventilation
before doing this activity. Nitrogen and argon can displace air, leav-
ing the user in an oxygen-poor environment. Do not use this tech-
nique with oxygen if there are any flames or sparks in the area.

The port in the middle (which may have a small metal clip hanging from it say-
ing "Liquid") dispenses the liquid form of the gas within. To dispense the liquid
into a Dewar, first attach a dispensing tube, which is available from your gas sup-
plier. Place the opening of your Dewar over the end of the tube, and then slowly
open the valve (see Fig. 6.8). Hissing and gurgling indicate that the liquid gas is
pouring out the end of the tube. Always point the open end of the Dewar away
from your face and other people when filling so that any splattering cryogenic liq-
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uid will not fly into your face. You should wear safety glasses during this and any
other operations with cryogenic fluids.

Some labs may have a separate room where liquid nitrogen tanks are stored.
[Important: If you have such a room, be sure to leave the door open whenever
transferring nitrogen into Dewars. The expansion of the nitrogen can easily leave
a closed room oxygen-poor!] This tank setup might service one lab, a whole floor,
or an entire building. To transport liquid nitrogen from a storage container to a lab
and provide short-term (one day) storage for the lab, there are various designs of
transport Dewars (see Fig. 6.9). Transport Dewars are made of stainless steel, cop-
per, plastic, or fiberglass. They are double-walled containers that are evacuated or
foam-filled for insulation. The necks of transport Dewars should always be small
compared to the size of their bodies. This design helps prevent splashing while
transporting and facilitates pouring cryogenic fluids. When used for storage, a
Styrofoam ball and pin should be loosely* placed in the neck to limit evaporation.

It is essentially impossible to fill a short or shallow container from a liquid/gas
tank because the liquid gas leaves the dispensing tube forcefully (there is limited
ability to control the rate of flow), and once the liquid gas hits the bottom of the
relatively warm container, it immediately (and forcefully) boils off and out of the
container. In a taller container, the liquid gas does not eject itself from the con-
tainer, but falls back to the bottom. Once back at the bottom, it can cool the con-
tainer so that newly arriving liquid gas will not boil off. Eventually, incoming
liquid gas will collect in a taller Dewar. A short or shallow Dewar can then be
filled from the taller Dewar because the liquid can be slowly poured, limiting the
amount of resultant ejecting fluids.

The Gas Dispensing Tank. The gas dispensing tank (the body is shown in Fig.
6.6, the top is shown in Fig. 6.10) is designed to provide gas continuously at a
delivery pressure between 75 to 175 psig. It can provide a continuous supply of
250-350 cfh (cubic feet per hour) with bursts of up to 1000 cfh. These tanks can

fjjU
• ® •

Attach a liquid dispensing
tube before removing liquid
gas from the tank. | n s e r t ( h e e n d Qf ^ f j | | j n g t u b e

deep into the receiving vessel.

Fig. 6.8 Dispensing liquids from a liquid/gas tank.

If the cap is too snug, the expanding pressure (of the gas evaporating) may cause the cap to be
ejected like a rocket or cause the container to explode.
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Fig. 6.9 Various designs of cryogenic liquid transport containers.

dispense liquid as well, but it is necessary to alter them by replacing the pressure
relief valve from the supplied 235 psig valve to one of 22 psig. However, once the
alteration is done, the tank cannot dispense gas at the greater pressure unless the
tank is restored to its original condition.

The pressure building valve is connected to a series of heat transfer tubes within
the casing that encircles the inner portions of the tank. By opening this valve, a
much higher gas pressure can be achieved (while releasing the gas) than could
otherwise be maintained. Oxygen and nitrogen tanks are set to deliver 125 psig,
and argon tanks are set to deliver 75 psig. All gas dispensing tanks can be attached
to an external vaporizer to provide gas at higher rates and/or pressures than may
otherwise be available solely through the internal vaporizer.

An external regulator must be attached to a gas dispensing tank (just as you
would to a high compression tank) to control the gas (tank) pressure to the desired
(outflow) pressure. Liquid cryogenic tanks follow the same CGA (Compressed

Relief valve

Pressure

gauge Rupture
disk

Pressure
building
valve Pressure

building
regulator

Gas use

valve

Economizer
regulator

Liquid level

gauge

Liquid fill and
withdrawal valve

Fig. 6.10 Top view of pressure building liquid/gas tank. From Instruction Manual
forPLC-180A and PLC-180LP, Fig. 5 from MVE, Bloomington MN, 55425. Repro-
duced with permission.
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Gas Association) numbering standards (see Sec. 5.1.3) as compressed gases. For
oxygen, use a CGA 540 fitting, and for nitrogen or argon, a CGA 580 is required.

To use a gas dispensing cryogenic tank, attach the correct regulator to the gas
use outlet. Then, open the gas use valve and pressure building valve. Once the
pressure is at least 125 psig, you may then adjust the regulator to the required
delivery pressure and dispense the gas as needed. Do not handle any tubing from
the tank without some protection because it will be very cold and can severely
damage skin.

Cryogenic tanks have limitations that become immediately obvious if gas is
withdrawn at a rate faster than the internal coils can maintain: Frost develops on
the outlet connections and/or regulator, which decreases gas output. The problem
can be resolved with an external heat exchanger. The external heat exchanger is
first connected to the gas use valve, and then the regulator is attached to the exter-
nal heat exchanger.

Other options for gas dispensing cryogenic tanks are manifolds that can connect
two to six cylinders together. These manifolds can provide flow rates of 250 cfh
(cubic feet per hour), can set up a reserve of gas for uninterrupted flow when
changing cylinders, and (with an economizer circuit) can cut loss due to evapora-
tion. For extra-high-capacity gas demands, there are external vaporizing mani-
folds, which are a combination of the external heat exchanger and manifold

nsetup.
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Vacuum Systems

7.1 How to Destroy a Vacuum System

Carpenters have a saying "measure twice, cut once." This saying implies that any
extra time spent in preparation saves time and materials that may otherwise be
wasted. Likewise, any time spent preparing an experiment or equipment (includ-
ing general maintenance) saves time and materials and, potentially, may also save
a life.

This section lists fundamental potential pitfalls when working with a vacuum
system. If you read no other section in this book, read this one. By following the
rules and guidelines that you are directed to within this section, many hours, and
perhaps weeks, of problems will be avoided. It is better to avoid the situation of
"not having enough time to do it right, but plenty of time to repair the wrong."
This list is not meant to be comprehensive—it cannot be. It is, however, a collec-
tion of the more common disasters that occur on a laboratory vacuum system.

1. Blowing up a vacuum line by freezing air in a trap (see Sec. 7.4.3)

2. Sudden bursts of pressure in McLeod gauges that can cause mercury to
spray throughout a line (problem) or break a line (big problem) (see
Sees. 7.5.6-7.5.9)

3. Breaking stopcocks off vacuum lines (see Sec. 7.7.1, point 8)

4. Breaking off glass hose connections when pulling flexible tubing off

(see Sec. 7.3.17)

5. Destroying the oil in a diffusion pump (see Sec. 7.3.1)

6. Destroying the oil in a mechanical pump (see Sec. 7.4.1)

7. Destroying a mechanical pump (see Sec. 7.3.4)

8. Wasting time re-evacuating vacuum lines (see Sec. 7.3.14)

9. Causing virtual leaks in cold traps (see Sec. 7.4.3)

10. Frothing the oil of a two-stage pump (see Sec. 7.3.3)
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11. Breaking a cold trap off a vacuum line by not venting it to the atmo-
sphere before removing the bottom (see Sec. 7.4.4)

12. Achieving a poor-quality vacuum when starting a vacuum system up for

the first time (see Sec. 7.6.3)

13. Dissolving O-rings during vacuum leak detection (see Sec. 7.6.6).

14. Punching holes in glass with a Tesla coil (see Sec. 7.6.7)

15. Burning the filament of an ion gauge (see Sec. 7.5.20)

16. Imploding glass items on a vacuum system (see Sec. 7.7.1, point 2)

17. Placing items on a vacuum rack so that they fall into the rack (see
Sec. 7.7.1, point 3)

18. Breaking vacuum system tubing when tightening two and/or three finger
clamps on a vacuum rack (see Sec. 7.7.1, point 4)

19. Sucking mechanical pump oil into a vacuum line (see Sec. 7.3.4)

7.2 An Overview of Vacuum Science
and Technology

7.2.1 Preface
In this book I have intentionally avoided equations whenever possible. The reason
is simple: Most people do not need, or use, equations when using equipment.
Despite that, this introductory section on vacuum technology contains equations.
They are presented so the reader may better understand the relationship between
the various forces in vacuum systems. None are derived, and none are used
beyond presenting some basic points. If you are interested in the derivation of any
formula, see the recommended books at the end of this chapter.

It is not necessary to know the material in this introductory section to run a vac-
uum system. However, it does explain terms and ideas that are used throughout
the rest of this chapter. Because of the basic information contained within, I rec-
ommend that you read this section.

Vacuum systems are used in the lab for such purposes as: preventing unwanted
reactions (with oxygen and/or other reactive gases); distilling or fractionally dis-
tilling compounds (a vacuum can lower the boiling point of a compound); or
transferring materials from one part of a system to another (using cryogenic trans-
fer). A vacuum system can also be used for more sophisticated processes such as
thin film deposition, electron microscopy, and enough other processes that just to
list them could fill a book.
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The goal in creating a vacuum is to get rid of, or bind up, a significant amount of
the gases and vapors (mostly air and water vapor) within a vacuum system.
Regardless of the approach, the goal is a net reduction of pressure in the system.

A perfect vacuum is a lack of everything, and we must accept that we cannot
achieve this state in the laboratory. Table 7.1 illustrates that by decreasing a vac-
uum to 10~3 torr (a good-quality vacuum in a standard lab) we can remove over
99.99% of the particles* that are present at room pressure. At 10"6 torr, a high vac-
uum, there is still quite a considerable number of particles remaining (2.45 x 1017/
m3). Despite the (seemingly) large quantity of particles remaining, this vacuum is
still sufficient to successfully limit the chance of oxidation and/or unwanted reac-
tions for many laboratory requirements. More than 95% of all vacuum studies and
technique can be successfully achieved within the vacuum ranges of 10"2 to 10"6

torr. The other 5% (studies in the ultrahigh-vacuum range) consist of surface and
material studies and space simulation, which require as little contamination as
possible.

Aside from earthbound technological approaches to achieve a vacuum, the fur-
ther away from the earth's surface you go, the less atmosphere there is and there-
fore the greater the vacuum (relative to atmospheric pressure on the earth's
surface) that can be achieved. In fact, on earth, someone standing on top of Mt.
McKinley experiences vacuum greater than can be created with a standard vac-
uum cleaner at sea level. Table 7.1 shows the approximate miles above earth to
obtain various conditions of vacuum. As this table shows, outer space offers won-
derful opportunities to produce vacuum conditions for experimental or industrial

Table 7.1 Pressure, Particles", and the Mean Free Path3'4

Pressure
(torr)

760

0.75

7.5 x 10'3

7.5 x 10"6

7.5 x 10"8

7.5 x 10"10

Quality
of Vacuum

None

Medium

High

Veryhigh

Ultrahigh

Extreme ultrahigh

Miles Above
Earth*

(= miles)

0

5

35

50

90

290

# of Particles
(per m"3)

2.48 x 1O25

2.45 x 1022

2.45 x 1020

2.45 x 1017

2.45 x 1015

2.45 x 10°

Mean Free
Path (m)

6.5 x 10"8

6.5 x 105

6.5 x 10'3

6.64

664

6.6 x 104

" This table is based on dry air because of the daily variations of water vapor.
* These approximate values are provided to allow the reader to appreciate the value, and difficul-
ties, of space travel.

For this discussion, water vapor has been ignored because its percent concentration varies on a day-
to-day basis.
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work. Outer space can provide an infinite vacuum system, an essentially contami-
nation-free environment, and blip free (no pressure surge) conditions. The possi-
bilities of ultravacuum research in space is discussed by Naumann in his paper on
the SURF (Space Ultravacuum Research Facility) system.2 Unfortunately, space
is an opportunity that is as far from the expected uses of this book (no pun
intended) as one can get. Back on earth we are still limited to using pumps, traps,
oils, gauges, glass, metal-support clamps, elastomers, and other implements of
laboratory vacuum systems.

Although vacuum systems are not as expensive as space travel, they are not
inexpensive, and the greater the vacuum desired, the more expensive it will be to
achieve. If anyone is concerned about the bottom line, it is important to consider
your needs before you begin designing your system. Not only is there an increase
in the cost of pumping equipment to cover the range from poor- to good-quality
vacuums (mechanical to diffusion to turbomolecular to cryogenic pumps), but
there are also the correspondingly increasing costs of support equipment (power
supplies, thermocouple and ion gauges, and their controllers), peripheral equip-
ment (mass spectrometry and/or He leak detectors), peripheral supplies (cooling
water, Dewars, and liquid nitrogen), and support staff (technicians to run and/or
maintain the equipment). These requirements can all add up.

Sometimes, you will have no alternative but to use comparatively expensive
equipment. For example, a diffusion pump must be used in conjunction with a
reasonably powerful (and therefore relatively more expensive) mechanical pump:
If you were to use the diffusion pump with a small classroom demonstration
mechanical pump, the diffusion pump would not work. On the other hand, do not
assume that price is necessarily indicative of the best choice in equipment. You
need to match components by their capabilities. That is, if your system is capable
of only a low vacuum, you are wasting money purchasing a gauge designed with
high-vacuum capabilities (which can be significantly more expensive). The
requirement of matching components is equally important whether you are pur-
chasing vacuum equipment from scratch or adding to components you already
own.

Because a perfect vacuum cannot be achieved, and the next best thing (outer
space) is for all intents and purposes out of reach, there are definable limits to the
ultimate pressure of any system you are planning. These limits are based on:

1. How much you can spend

2. How much maintenance you are willing/needing to do

3. What supplies and materials you have (or can have) available

4. Your vacuum experience and knowledge

5. What technical support you have available

It is therefore important that you know what the demands and needs of your
experimental work are. It is neither economical nor practical to have an elaborate
vacuum system for simple vacuum needs.
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7.2.2 How to Use a Vacuum System
The easiest way to explain a vacuum system is to explain each part of the vacuum
system individually. However, the only way to use a vacuum system is to use all
parts. Therefore, there is a conflict of interest in coordinating a section that will
explain the parts of vacuum systems in general and how to use your vacuum sys-
tem in specific.

If you are starting to use a vacuum system for the first time, Simply skim this
entire chapter. Afterward, study your vacuum system and see what components
you recognize from what you've read. Finally, re-read the sections of this chapter
that are pertinent to your system. This method of study may seem like a lot of
work before you turn on a switch or twist a stopcock, but the vacuum system you
save may be your own.

Due to variations in equipment, controllers, and designs, what you see on your
system will probably not be what you see in this book. You will have to accommo-
date and respond accordingly. In addition, re-read Sec. 7.1 and be sure you under-
stand how accidents (disasters) can happen and how they can be avoided. That
knowledge in itself will be the first major step to successful vacuum practice.

7.2.3 The History of Vacuum Equipment5"8

It is interesting, when looking back on history, to see how much has happened,
and yet how little things have really changed. The following information is by no
means comprehensive. At best, it is meant to provide the reader with an apprecia-
tion of how long ago some vacuum equipment was invented. For example, the
McLeod gauge and Toepler pump were invented over a hundred years ago. Over
the years, there have been many improvements made in such items as the ion
gauge and diffusion pump; however, the principles on which they work are so fun-
damental that their importance and use have not been lost. Currently, advances in
solid state electronics are providing new technology and methods for a variety of
equipment, but they all are variations and/or adoptions of what we already have.
Simply put, history shows us that there have been a variety of attempts to remove
something from someplace and correspondingly, try and figure out how much has
been removed.

Aristotle, some 1650 years ago, was one of the first to make any serious com-
ments about vacuum that have survived time. Aristotle could not accept the con-
cept of a void, which led to his statement, "nature abhors a vacuum." This
comment may not tell us very much about what is taking place in a vacuum, but it
is as true now as it was then.

The first vacuum science work is credited to Evangelista Torricelli. In 1641,
Torricelli was invited to Florence to serve as Galileo's secretary (during his last 3
months of life) as Galileo was still in his forced imprisonment and was blind.
After Galileo's death, he was appointed court philosopher and mathematician to
Grand Duke Ferdinando II of Tuscany. This title let him do research without hav-
ing any teaching responsibilities at the university. It is not fully clear as to whether
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he was following up on a previous suggestion from Galileo or continuing some
work of another Italian, Gasparo Berti,* but in 1644 he filled a glass tube (four
feet long) with mercury and inverted it with the opened end pouring into a small
basing As expected, some of the mercury did pour out, but most stayed in the
tube, leaving an empty portion in the closed end of the tube. By doing this, Torri-
celli is credited for creating the first sustained vacuum. It was believed, at the
time, that what had been created was a perfect vacuum. Fortunately, Torricelli was
a good observer and noticed that the height of the mercury actually changed day
to day, thus "discovering" the barometer. Oddly enough, Torricelli never formally
published his observations.

Torricelli's work was taken up by Pascal, a French mathematician and philoso-
pher, He repeated Torricelli's work, but he used glass tubes 46 feet long and wine.
His work also demonstrated that the atmosphere could only support 33 feet of
wine (whose specific gravity is similar to water). Pascal's brother-in-law, Perier,
joined the experimentation by taking a mercury "barometer" up the mountain Puy
de Dome (= 1000m) and observed that the height of the column was 7.5 mm
shorter than it was at the base of the mountain. This ingenious experiment helped
to demonstrated that the force at work was the atmosphere pushing rather than a
vacuum pulling, and that there was a vacuum at the top of the column.*

The next major technological breakthrough came from Otto von Guericke, a
German burgomaster who invented a piston vacuum pump (which he called an air
pump) that was capable of producing the best vacuum of the time. At first, Guer-
icke pumped the water out of a barrel of water and observers were able to hear air
leaking into the barrel refilling the void. Later he pumped out a copper sphere
which immediately was loudly crushed (by air pressure). He then (wisely) had a
better sphere created out of bronze, but did it in two halves. With these two hemi-
spheres, Guericke became sort of a vacuum showman and is most known for these
Magdeburg hemispheres. The two hollow bronze hemispheres were sealed by
evacuating the space between the halves. Two teams of horses, each attached to a
respective half, could not pull them apart. However, by opening the evacuated
space to the atmosphere and allowing air into the sphere, the hemispheres fell

* In 1640, Berti had created a water barometer with a series of valves to eliminate the need of turning
the apparatus upside down. He placed a bell in an enlargement of the glass tube near the top (evacu-
ated) section. Berti correctly deduced that a vacuum would prevent observers from hearing the bell.
Unfortunately, the rods connecting the bell to the glass chamber at the top of the device conducted
the sound, making any evidence of vacuum impossible to detect. Because of poor design setup, an
excellent scientific concept was lost and miscredited.
f The actual work may have been done by his colleague, Vincenzo Vivian.
* The difference between the two—a force pushing rather than a void pulling—is fundamental to
understanding the movement of materials in a vacuum. Pressure is a force, and a vacuum is not an
opposite (nor equal) force. A vacuum is simply a region with less pressure when compared to a
region with greater pressure, and it is the molecules creating that pressure by pushing that creates a
force rather than a lack of molecules creating a negative pressure by pulling.
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apart on their own.* It was Guericke who correctly theorized that it was differ-
ences in air pressure that cause the winds.

Robert Boyle (a founder of the Royal Society of England) heard about Guer-
icke's pump and experiments and decided to scientifically analyze them. Aside
from making improvements upon the design of the air pump, he also developed
the relationship between gas pressure, volume, and temperature. This relationship
was later called Boyle's law [see Eq. (7.2)].

The 17th century saw the beginning studies of electric discharges within a vac-
uum by Nollet in Paris in the 1740s. These studies were later refined by Faraday in
England during the late 1830s and by Crookes in the late 1870s.

Manometers were eventually used as measurement devices. By the 1770s, mer-
cury was boiled to increase measurement accuracy. Thus, albeit crudely, both out-
gassing and baking out of a vacuum system were instigated.

In 1851, Newman developed a mechanical pump that achieved a vacuum of
30.06 in. of mercury on a day that the barometer was reading 30.08 in. This pump
was very impressive for the time. Vacuum technology was further enhanced by the
invention of the Toepler pump in 1862, the Sprengel pump in 1865, and the
McLeod gauge in 1874.

The "Dewar", invented by Dewar in the early 1890s, utilized the combined
effect's of evacuating and silvering the empty space of a double wall container.
Later, having the ability to keep things cold, Dewar developed the basic concepts
of cryopumps by superchilling charcoal for absorbing gases.

In the 1910s, Gaede invented the mercury diffusion pump that was later
improved by Langmuir (from the General Electric Co.), and improved yet again
by Crawford, and yet again by Buckley. In the 1920s, industry began substituting
refined oil for mercury in diffusion pumps.

The new century saw an abundant development of vacuum gauges. Both types
of thermal conductivity gauges were invented in 1906 (Pirani inventing the Pirani
gauge and Voege inventing the thermocouple gauge). The hot cathode gauge was
invented by Von Baeyer in 1909 and the cold cathode gauge was invented by Pen-
ning in 1937. The early 1950s saw improvements in both the hot cathode gauge
(by Bayard and Alpert) and cold cathode gauge (by Beck and Brisbane). Redhead
made improvements on both types of gauges a few years later.

Since 1945, the fields of vacuum physics, technology, and technique have
become the backbone of modern industrial production. From energy development
and refinement, to silicon chips in watches, games, and computers, all are depen-
dent on "striving for nothing."

* An interesting (and useful) way to duplicate this experiment is with an evacuated screw-top jar that
you are unable to open. Take a knife, screwdriver, can opener (church key), or any prying device
with which you can pry the lid away from the glass enough to momentarily distort the shape and
allow air into the container. You will hear a momentary "pssst" as air enters, as well as a click of the
metal as its shape goes from concave to normal. It will now be very simple to open the jar.
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7.2.4 Pressure, Vacuum, and Force

Gas pressure can be loosely imagined as the pounding of atoms and molecules (a
force) against a wall (a defined area). As molecular activity increases (for instance
by heating), the atoms and molecules pound away with greater activity, resulting
in an increase in pressure. In addition, if some gas molecules are removed, there is
more room for the remaining ones to move around, and fewer are available to hit
the wall. This activity results in a drop in pressure. We use atmospheric pressure
(which varies itself) as a dividing line for describing what is a vacuum or pressure
environment: That environment which is greater than atmospheric pressure is a
pressure, whereas that environment which is lower than atmospheric pressure is a
vacuum. However, a positive pressure can only be defined by comparing it with
something else that has less pressure, even if both are vacuums when compared to
atmospheric pressure.

Units of pressure and vacuum should be identified as force per unit of area, and
pressure units typically are mbar, psi, and kg/cm2. Pressures below 1 torr (=10"3

atm) for many years were described in relationship to standard atmosphere* in
various ways such as:

1. Millimeters of mercury (1/760 of a standard atmosphere)

2. Torr (= 1/760 of a standard atmosphere) ̂

3. Micron (|i) of mercury (1/1000 of a millimeter of mercury and/or 1/1000
of a torr)

4. Millitorr (also 1/1000 of a millimeter of mercury and/or 1/1000 of a torr)

Whether one uses millimeters, torr, microns, or millitorr, a unit of force is being
determined by a unit of length. To maintain the relationship of force per unit of
area used in pressure and vacuum, the SI* decided on the term Pascal (one Newton
per square meter) as a unit of vacuum.** Regrettably, the acceptance of the Pascal
has been as successful as metrics in the United States. The numeric relationship
between all of these designation can be seen in Table 7.2.

Vacuum and pressure measurements were all originally made compared to
atmospheric pressure, or "gauge" pressure. The term psig (pounds per square
inch-gauge) refers to this comparison. Absolute pressure includes atmospheric
pressure (14.7 psi) and is called psia (pounds per square inch-absolute). For exam-
ple, your tire pressure is 35 psig or 49.7 psia. Generally, unless otherwise identi-
fied, the lone identification psi refers to gauge pressure.

* Standard atmosphere is the average pressure that the atmosphere exerts at 0°C, sea level.
+ One torr is equal to 1 mm of mercury.

* International System of Units, see Chapter 2.

** It is ironic that the first term torr, from Torricelli, and the later term Pascal, from the mathemati-
cian by the same name, were both selected as terms for vacuum units since neither man was really
fundamental in vacuum history. Important yes, but not fundamental.
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Table 7.2 Pressure Conversion Table
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7.2.5 Gases, Vapors, and the Gas Laws

A vapor is a gas that is near its condensation temperature and/or pressure. At room
temperature and pressure, gaseous water is a vapor; in a steel furnace, gaseous
water is a gas. Some gases (hydrogen, helium, nitrogen, oxygen, and other cryo-
genic gases) do not have a vapor state anywhere near STP and are sometimes
called permanent gases. For more information on condensation as well as evapo-
ration and equilibrium, see Sec. 7.2.6.

Of the three states of matter (solid, liquid, and gas), only gases have radically
changing distances between molecules. When the distances between the mole-
cules of a gas are different than what is found at STP (Standard Temperature and
Pressure), we have either a positive or negative pressure (compared to atmo-
spheric).

As far as a gas is concerned, it does not make a difference whether the size of
the container, the temperature of the gas, or the amount of gas has changed. All
these conditions separately or together can change the pressure within a container.
Analysis of contained gases led to the following gas laws, most of which go by the
name of the researcher who formally identified them:

1. All gases uniformly fill all spaces within a container. This space is called
the volume (V). There cannot be an independent localized collection of
gases exerting uneven pressures within a container.

2. All gases exert an equal pressure on all points of a container. Regardless
of the shape of the container (on a static system), there can be no varia-
tion of gas pressure from any one point to any other point within that
container.

3. All gases exhibit a direct relationship between the temperature and pres-
sure for a given volume and given amount of gas. Assuming that noth-
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ing else changes, if the temperature increases, the pressure will increase
a directly proportional amount.

Charles' Law

P- = (constant) = £ i = ^ (7.1)

4. All gases exhibit an inverse relationship between the volume and the
pressure of a gas for a given temperature and amount of gas. Assuming
that nothing else changes, if the volume increases, the pressure will
decrease a directly proportional amount.

Boyle's Law

PV = (constant) = P1Vl = P2V2 (7.2)

5. All gases of equal volumes, at the same temperature and pressure, con-
tain the same number of molecules. The size of a gas atom (or mole-
cule) has no relationship to pressure, temperature, or volume.

Avogadro's Law

- = (constant) = ^± = ^ (7.3)
n n\ «2

6. All gases exhibit a uniform relationship between the pressure and vol-
ume, temperature, and number of molecules present. This relationship
is represented by the gas constant R (which is = 62.4 torrliter/molK)
when Pressure is in torr, Volume is in liters, Temperature is in K, and n
is the number of moles.*

Ideal Gas Law
Pv = nRT (7.4)

7. If more than one gas is in a container, and the gases are not interacting,
each gas will exhibit its own characteristic pressure. The sum of these
individual pressures equals the total pressure. The percentage of each
partial pressure is equal to the percentage of that gas in the sample.

Dalton's Law of Partial Pressures
Pt = P l + P 2 + P3 + ... (7.5)

Laws 3,4, and 5 are pulled together to create the ideal gas law, and the effects of
it are shown pictorially in Fig. 7.1, where three different approaches to doubling

* A mole is an Avogadro's number (6.023 x 1O23) of molecules. One mole is equal to one atomic
mass, or the molar mass of a molecule or atom. For example, one mole of carbon (atomic mass 12) is
equal to 12.01115 g.
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Fig. 7.1 Notice how you can double the pressure of a container by either doubling
the temperature, doubling the number of molecules, or halving the volume.

the pressure are demonstrated. In Box A we have a given number of molecules at
a given temperature and pressure in a container of one unit. In Box B, we have
doubled the temperature, which causes the molecules to double their activity,
which doubles the pressure. For Box C we have brought the temperature back to
the original temperature, but have doubled the number of molecules within the
container, which causes a doubling of the pressure. Finally, in Box D we have the
same original temperature and the same number of molecules as in Box A, but we
have decreased the size of the box by half, which doubles the pressure.

Remember that these are ideal gas laws, and in nature, gases do not necessarily
behave ideally. This is typically because some other force is preventing the ideal
gas law from performing ideally. For example, the first gas law states that all gases
uniformly fill a container. Yet, in Sec. 7.2.8, Barbour demonstrates that if a system
does not have effective conductance, it is possible for a system to maintain
unequal pressures in different sections for a considerable period of time. The first
gas law is still in force, but it is prevented from performing ideally due to another
physical limitation: conductance. Additionally, anyone who has forced gases into
a compressed gas tank or hastily removed them would have reason to doubt the
ideal gas law graphically pointed out in Fig. 7.1, Box C. When gases are rapidly
compressed in a confined area, there is typically a heat rise. Conversely, when
gases are rapidly removed from a confined area, there is a typically a heat loss.
The ideal gas law very clearly states that if the volume is the same and you double
the number of molecules, there will be a doubling of pressure. It says nothing
about a change in temperature. The problem here is that independently of the ideal
gas law, adiabatic compression (and expansion) is having a secondary effect on
the system. The trick is, one must allow a sufficiently slow introduction or
removal of gases from a confined space for the ideal gas law to predominate. The
slow addition or removal of gas allows a sufficient amount of time for heat con-
ductance through the gas, and no heat rise or loss is created.
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Evaporation Equilibrium Condensation

Fig. 7.2 Evaporation, equilibrium, and condensation are dynamic processes of
vapor pressure.

7.2.6 Vapor Pressure

The greatest vacuum that can be obtained within a system is solely dependent on
the material with the greatest vapor pressure within the system. Remember, a
vapor is a gas that is near its condensation temperature and/or pressure. As can be
seen in Fig. 7.2, the evaporation, equilibrium, and condensation processes are
dynamic conditions. That is, the molecules involved are not actually static after
they have evaporated or condensed. For example, in evaporation, statistically
more molecules are turning into a gas than are turning into a liquid (or solid); in
condensation, statistically more molecules are turning into a liquid (or solid) than
are turning into a gas; and, in equilibrium, the exchange is equal. Once equilib-
rium is achieved, the region is considered saturated.

The vapor pressure of a material creates the maximum vacuum potential that
can be achieved against its evaporation rate at a given temperature. As a material
evaporates, its molecules are included among those in the air envelope around the
material. Normally, to obtain a vacuum, you are trying to rid (or bind up) the gas
molecules within a vacuum. As long as the molecules you are trying to get rid of
are being replaced, you cannot improve the quality of the vacuum. If water is in
your system, your best vacuum is =18 torr. Not until the water finally evaporates
off, or is frozen in a trap, can the system achieve a greater vacuum.

The vapor pressure of any given compound is dependent on its temperature and
the pressure of its environment. As temperature is lowered, the vapor pressure of
any compound also lowers.* Therefore, the easiest way to improve a vacuum is to
lower the vapor pressure of the materials within the system by chilling with either
water, dry ice, or liquid nitrogen. The choice of any of these coolants is typically
dependent upon cost or availability. If you are limited in coolant choice, you can
consider changing the materials you are working with to complement the range of
coolants. For example, the vapor pressure of water is 4.6 torr at 0° C, 5 x 10"4 at
dry ice temperatures and ~10"24 at liquid nitrogen temperatures. Thus, there may
be little reason to use liquid nitrogen if you only want to achieve 10~2 torr. That is

The converse of this is heating. By heating water to its boiling point, its vapor pressure is the same
as atmospheric pressure. Because atmospheric pressure varies as altitude (and weather conditions)
varies, the boiling temperature varies. On the other hand, the temperature of gently boiling water is
the same temperature as furiously boiling water.



An Overview of Vacuum Science and Technology 7.2

Table 7.3 Composition of Dry Aira-b
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Gas

Nitrogen

Oxygen

Argon

Carbon dioxide

Neon

Helium

Methane

Krypton

Hydrogen

Nitrous oxide

Xenon

Volume (%)

78.08

20.95

0.934

0.031

ppm

18.2

5.24

2.0

1.14

0.5

0.5

.01

Partial Pressure (in
torr)

593

153

7.1

0.24

1.4 xlO"2

4.0 x 103

1.5 x l O 3

8.7 x 10"4

3.8 x 10"4

3.8 x 10"4

7.6 x 105

" The partial pressure of water vapor in air depends on temperature and relative humidity. For
example, at 20°C (saturation vapor pressure of water = 17.5 torr) and a relative humidity of 45%,
the partial pressure of water vapor would be 0.45 times 17.5 torr, or 8 torr.

b Data taken from ref9.

not to say you can't or shouldn't, just that you don't need to use liquid nitrogen for
that level of vacuum if water is your primary vapor contaminant.

7.2.7 How to Make (and Maintain) a Vacuum

Aristotle's statement "nature abhors a vacuum" means that even if you are suc-
cessful in creating a vacuum, your ability to maintain that vacuum can require an
equal, if not greater, amount of work. When creating a vacuum, you must estab-
lish your needs, define (and understand) your conditions, consult with authorities
before you make purchases, and understand (and accept) any compromises.

We often euphemistically refer to creating a vacuum as emptying a container of
its contents. But, what does "empty" mean? We already stated that it is impossible
to make a container void of contents, so what do we need to do to "empty" a con-
tainer?

There are three levels that should be considered when "emptying" a container.
For example, consider emptying a glass of water: First you take the glass and pour
out the water. From a simple aspect, the glass is empty. However, there is still a
film of water in the glass, so you dry the walls of the glass with a towel until they
are dry to the touch. However, if you want the glass really dry, you need to bake
out the water that has adsorbed on the walls and is absorbed into the glass walls
(water can soak into a glass matrix up to 50 molecules deep). Thus, when we talk
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about creating a vacuum, until you remove the adsorbed (surface concentration)
and absorbed (material penetration) gases and vapors, you do not have an "empty"
system.

So, say that you take a glass, pour out the contents, dry the walls, and bake out
the glass so it is truly empty. The question is, Will it now remain empty until water
is poured back in? As far as vacuum science is concerned, no. As soon as the glass
is exposed to the atmosphere at room temperature, the walls will resaturate with
water vapor, and the glass will no longer be empty. To maintain a glass as
"empty," it must be isolated from the atmosphere. Otherwise you must repeat the
drying process.

Unfortunately, glass vacuum systems cannot be "baked out" (as is done with
metal vacuum systems) to remove adsorbed water. Baking is likely to damage
stopcocks or rotary valves; or if the baking temperature is sufficiently high, the
glass walls of the system itself. Thus, glass vacuum systems are not practical if
baking your system is required.

What typically happens with a glass vacuum system is that first a mechanical
pump removes a great deal of the "loose," or "free," gas particles. Then, greater
vacuum is achieved with the combination of a diffusion pump (or similarly fast-
pumping unit) and traps that remove or bind up the various vapors within the sys-
tem (for example, oil, mercury, and water). The only way a system can achieve a
vacuum lower than 10"6 to 10~7 torr is if the pump can remove water vapor faster
than the water vapor can leave the walls. Most diffusion pumping systems cannot
achieve this goal, but even if they could, there is such a substantial amount of
water vapor within the glass that, unless the walls are baked, a better vacuum can-
not be obtained.

Aside from adsorbed gases, there are potential leaks in any vacuum system that
must be dealt with or a viable vacuum cannot be created. Leaks and leak detection
are dealt with in Sec. 7.6.

7.2.8 Gas Flow

As one is trying to remove the various gases from a vacuum system, whether the
system is a bell jar or a complex collection of tubing with valves or stopcocks all
interconnected, the gases must pass through tubing of various types and sizes
between the system, the pumps, and the outside world. Depending on the size of
the connecting tubing, the length of the tubing, and the vacuum at any time, there
can be significant performance changes throughout the system. This all has to do
with how gases flow through tubing of different sizes and at different pressures.

Fig. 7.3 Turbulent flow is primarily a gas-gas interactions.
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Fig. 7.4 Viscous gas flow.

There are three basic types of gas flow: turbulent, viscous, and molecular. The
type of flow passing through a given system is dependent on both the mean free
path (MFP) of the molecule(s) and the diameter of the container (tube) through
which they are flowing. A useful formula when talking about MFP is the Knudsen
number (Kn), defined in Eq. (7.6).

Y L

Kn = -
(7.6)

where L is the MFP

and d is the diameter of the tube in question

When a system is first brought into vacuum conditions from atmospheric pres-
sure, the flow is turbulent (see Fig. 7.3) and is not unlike the chaos seen in white-
water rapids. At this time, the MFP is approximately 9 x 10~7 cm, which is
considerably smaller than any tube the gas is likely to pass through. The great pre-
ponderance of interactions (that is, when a gas atom or molecule interacts with
something else) are gas-gas, which means there is a greater likelihood that a mol-
ecule of gas will hit another molecule of gas than it will hit a wall.

As the pressure decreases, the next type of flow transition is called viscous flow.
The nature of this flow is complex and is dependent on flow velocity, mass den-
sity, and the viscosity of the gas. Viscous flow is similar to the flow of water run-
ning down a slow, calm stream—the flow is fastest through the center of the tube,
while the sides show a slow flow and there is zero flow rate at the walls (see
Fig. 7.4). The gas interactions in viscous flow are gas-gas and gas-wall; in other
words, a molecule is equally likely to hit a wall than another molecule.

When Kn of the system is <0.01, the flow is probably viscous. The transition
between viscous and molecular flow is fairly straightforward: When 1 > Kn >
0.01, the flow is in transition to molecular flow; when 1 < Kn, there is a molecular
flow.

Fig. 7.5 When the mean free path is fairly short (relative to the inside diameter of
its container), a gas molecule to more likely hit another gas molecule than the
walls of the container. This situation is known as a gas-gas interaction.
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Fig. 7.6 When the mean free path is longer than the diameter of the container of
the gas, gas-wall interactions will predominate and you will have molecular flow.

Typically, the first phase of molecular flow is gas-gas. That is, a molecule or
atom is more likely to interact with another molecule or atom than the wall (see
Fig. 7.5). As the pressure continues to drop and the mean free path increases, gas-
wall interactions become the predominant type of gas flow.

One of the more interesting characteristics of gas-wall interactions is that not
only are the gas reflections not specular (mirror-like), but the molecule or atom
may go back into the direction that it once came from (see Fig. 7.6). This bounce-
back is partly because, at the molecular level, wall surfaces are not smooth but
very irregular. In addition, there is likely to be a time delay from the time a mole-
cule hits a wall to the time it leaves the same wall. At the molecular level, when a
molecule hits a wall surface, instead of reflection (like a billiard ball), the process
is more likely to be adsorption (condensation). When the molecule leaves a wall
surface, the process is desorption (evaporation), thus explaining why there is the
random movement and time delay for molecular reflection.

The gross movement of molecules in a high-vacuum state is a statistical summa-
tion of the parts. For example, say you have two containers that are opened to each
other through a small passageway (see Fig. 7.7). One of them (A) is at 10"3 torr
and the other (B) is at 10"5 torr. The movement of molecules in both is completely
random, but the net movement will be from A to B. There will be molecules from
B that will find their way into A, even though the pressure is greater in A. But
again, the net molecular movement will be from A to B. Once the net pressure of
10~4 torr is achieved, there will still be movement between the two containers.
Eventually, according to the first principle of gases presented earlier, there will be
the same number of molecules in B as in A. There will always be a greater number
of A molecules than B molecules, but the number of molecules on either side of
the system will eventually be the same.

The time necessary for the molecules to travel from A to B (or B to A) depends
on the abilities of molecules to pass through a tube. This passage is dependent on
three things: the pressure difference between A and B, the diameter of the con-
necting tube, and the length of the connecting tube.

A B
Fig. 7.7 The movement of molecules from one vacuum container to another (of
greater vacuum) is statistically random.



An Overview of Vacuum Science and Technology 7.2 337

Diffusion and
mechanical

pumping

system

Fig. 7.8 Transport of gases through tubes of different lengths and diameters.
From Glassblowing for Laboratory Technicians, 2nd ed., Fig. 10.2, by R. Barbour,
© 1978 by Pergamon Press Ltd. (now Elsevier Science), reproduced with permis-
sion.

Table 7.4 The Relation of Tube Length
and Diameter to Pumping Time (see Fig. 7.8)a

Tube

Flask only, no tube

A

B

C

D

E

Length (cm)

50

50

50

50

150

Bore (mm)

20

20 with small
section of 7.3

10

3

3

Time (sec)

14.1

21.5

30.8

64

1800

10,800

"From Glassblowing for Laboratory Technicians, 2nd ed., Table 6, by R. Barbour, © 1978 by Per-
gamon Press Ltd. (now Elsevier Science), reproduced with permission.

An interesting experiment was done by Barbour10 with a simple vacuum system
of a 5-liter flask connected to a thermocouple with an opening for dry air. The
flask was adapted to receive one of five different tubes (of different diameters and
lengths) and in turn was connected to a pumping system (see Fig. 7.8).

Barbour evacuated the 5-liter flask and then filled the system with dry air. He
then re-evacuated the flask and calculated the time it took to go from 10 2 to 10"3

torr. His results are shown in Table 7.4. From his description, it is unknown
whether he dried and/or pre-evacuated the tubes to decrease the effects of water
vapor, which could have slowed the pumping speed somewhat. This slowing
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effect would have become more pronounced as the surface area increased dramat-
ically such as with Tube E. Regardless, the data effectively show the effects of
tube diameter versus length on pumping speed. Be aware that Tube E never
achieved 10~3 torr after three hours of trying to stabilize to the lower pressure.

Inspecting Table 7.1, the mean free path of a molecule ranged from an estimated
7 to 70 mm for the ranges of this experiment's pressures. Without even getting to
molecular flow, the efficiency of Tube D and E compared to Tube A (in cross area)
is similar to a 44 lane freeway with only one lane open during rush hour. Another
thing to consider is that at 10"3 torr, with the mean free path at about 7 mm, by
going from a 10-mm-i.d. tube to a 6-mm-i.d. tube, flow transport would be slowed
considerably. This should serve to show that pressure and tubing i.d. is interre-
lated.

Whether turbulent, viscous, or molecular flow, the fastest transport through
tubes is when the diameter is large and/or the length is small. Fortunately, at a cer-
tain point, larger diameters or shorter tubes make no significant difference in per-
formance.

7.2.9 Throughput and Pumping Speed
There will always be a net transport of gas from one end of a system to another if
there is a pressure difference between the two parts. The quantity of gas (at a spe-
cific temperature and pressure) that passes a given plane in a given amount of time
is called the throughput or mass flow rate ( 0 . When throughput is equal to zero,
you have a steady-state condition. Throughput is measured in pressure-volume
per unit of time, such as torr-liters per sec or 1 Pa-M3/S = 1 W (watt). Interestingly
enough, because force is required to move the gas, throughput can also be consid-
ered as the amount of energy per unit time passing through a plane.

A different measurement of gas transport is the volumetric flow rate (S), which
is also called the pumping speed. The units of volumetric flow rate are simply vol-
ume/time, such as liters per second. The difference between Q and S is that S is
independent of the quality of the vacuum. Throughput and volumetric flow are
related to each other by the pressure P and are expressed in Eq. (7.7). The rela-
tionship of mass flow, volumetric flow, and pressure is demonstrated in Fig. 7.9.

S = % (7.7)

In a typical vacuum system, tubes are connected to tubes, which are connected
to traps, which are connected to other tubes, and so forth. The transport of gas
through a system of these tubes is called conductance (Q . Every tube within the
system offers a different conductance depending on its length and diameter.

Conductance is the throughput (Q) divided by the difference between the pres-
sure going into the tube (P,) and the pressure going out of the tube (P2) [see Eq.
(7.8)]. Although conductance and volumetric flow rates have the same units, con-
ductance is used to describe the ability, or efficiency, of a gas flowing through a
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Leak valve

Chamber

Q = 8.5 x 10-6
sec

S = 8.5 I/sec
p = 1x106 torr

S = 850 I/sec
P = 1x103 torr

S = 85 I/sec
P = 1x10 7

torr

Fig. 7.9 A system in a steady-state condition showing the relationship between Q,
S, and P. From The Fundamentals of Vacuum Technology, 3rd Edition FIG. 13, by
H.G. Tompkins, © 1997 by the American Vacuum Society, American Institute of
Physics, New York, reproduced (abstracted) with permission

section (one or more) of tubing, while volumetric flow rate deals with the amount
of gas that can go past a single plane of the system:

C = Q (7.8)

Vacuum systems are generally not made with one tube and one easy way to cal-
culate conductance. Rather, vacuum systems are constructed with many tubes of
different sizes. The total conductance of an entire system is calculated by adding
all the reciprocals of the conductance of the various parts [see Fig. 7.10)] and is
shown in Eq. (7.9):

ct
C\ C2 C3 C4

(7.9)

What can be seen from Eq. (7.9) and Fig. 7.10 is that by placing a stopcock
mid-length on a tube will minimally effect conductance, especially if the length of
the stopcock section is as short as possible and the size of the stopcock is as large
as possible. Common sense, economy, and experience are good guides for this.
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Fig. 7.10 The total conductance is the addition of the reciprocal conductance of all
the parts (see Eq. (7.9).

7.3 Pumps

7.3.1 The Purpose of Pumps
A pump's function (when creating a vacuum) is to remove gases and condensable
vapors from the chamber where you want the vacuum. There are two ways to
remove gases and vapors. The one that typically comes to mind is gas transfer,
which physically removes gases and vapors from one area and release them into
another. The other approach for removing air is to trap the offending gases and
vapors. Once trapped, the vapors are still in the region where you are working but
are bound up in such a fashion so as not to impede the work in progress. The two
approaches of gas removal, pumps, and corresponding pumping ranges are shown
in Table 7.5.

The most common level of vacuum required to do most laboratory procedures
is, in reality, not a very significant vacuum. In fact, a high (=10~3 torr) to very high
(=10~6 torr) vacuum will satisfy some 95% of most laboratory vacuum needs. The
levels of ultrahigh vacuum (whose demands are usually reserved to surface stud-
ies, ultraclean vapor deposition, space simulation, and particle accelerators) are
not that common in many research laboratories. Thus, in the chemical research
laboratory, the pumps that are usually found are the gas transfer type. More spe-
cifically, one is likely to see aspirators, diffusion pumps, and rotary vane and/or
piston pumps. Although turbomolecular pumps (turbopumps) and cryopumps
may also be found in the laboratory, their high initial cost (along with their higher
level of technical support), excludes them from being the first pump of choice
unless unique requirements demand their use. The other pumps mentioned in
Table 7.5 are usually used in specific industrial or highly specialized research.
With all due respect to these fine pumping alternatives, discussions within this
book are limited to aspirators, rotary (vane and piston) pumps, and diffusion
pumps. For further information on the other pumps mentioned, refer to
Appendix D.

The concept of "you get what you pay for" can be altered for vacuum pumps to
"the less you want, the more you pay." With that thought in mind, you do not want
to pay for vacuum you do not need. Note however, that the stated limit of a pump
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Table 7.5 Pump Families and Characteristics

Gas Transfer

Aspirator

Rotary (single-stage)

Rotary (double-stage)

Roots blower

Turbomolecular

Diffusion (oil)

Gas Capture

Sorption

Getter

Sputter-ion

Cryosorption

Pumping Range"

760-10 mm Hg

760-10"3 torr

760-10"* torr

76O-1O"3 torr

lO'-lO"5 torr

10-2-l010 torr

10-3-10-11 torr

10-3-1010 torr

10-5-i0-10 torr

lO^-lO"13 ton-

Relative Speed

Slow

Slow

Slow

Slow

Moderate

High

High

High (dependent on gas)

High (dependent on gas)

High

" These pumping ranges are only general levels, not limits or potentials. There are many factors that
can affect pumping range and speed, including the nature of your work and your system's configura-
tion and design.

is usually its ideal limit, which is dependent on the type of gas being pumped, the
design (efficiency) of the system, and whether the vacuum gauge is connected at
the pump inlet. These conditions are unlikely to be like your system, and therefore
you should obtain a pump that is rated better than your needs. Again, the onus is
on you to recognize what you need. "Keeping up with the Jones'" is generally a
good approach to take. If someone has a system like the one you want, ask the
person if they are satisfied with their components such as the pump, or, in retro-
spect, whether the pump should have been bigger or smaller.*

Finally, in regard to pump power: Even though you can get a small two-cylinder
car to pull a load of bricks, it is more efficient to get a truck. Being pennywise in
selecting a pump may be being pound foolish in the loss of wasted time and
equipment in the laboratory. For more information on pumping speed, see
pages 347 and 363.

7.3.2 The Aspirator

The aspirator (also called a water-jet pump) is one of the simplest and most eco-
nomic means of obtaining a vacuum in the laboratory. It has no moving parts of its
own (see Fig. 7.11), uses no electricity, and relies only on moving water to func-
tion.

Unfortunately, this can also work in reverse if you copy someone's system that is overly built. Of
course it will achieve all that they want to do, but so might a system that is smaller and therefore less
expensive and requires less maintenance.
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The aspirator is not a very fast pump (1-2 gallons/minute), nor does it create a
powerful vacuum (=10 mm Hg) (with proper liquid nitrogen trapping, aspirators
can achieve vacuums as great as 10"2 torr). It is ideally suited for emptying large
containers of liquids down a sink or for supplying the vacuum necessary for a fil-
ter flask.

Aspirator operation is accomplished simply by attaching the device you wish to
evacuate with suitable flexible vacuum tubing to the tube on the side of the aspira-
tor. Then, turn on the water and immediately a vacuum will exist through the vac-
uum connection tube. The aspirator can operate with water pressure ranging from
10 to 60 lb, depending on design and construction. Generally, the greater the
water pressure, the greater the vacuum created by the aspirator. At a certain point
(depending on aspirator design) the vacuum potential will level off and no greater
vacuum can develop despite increasing the force of the water. Whatever the aspi-
rator design, the vapor pressure of water will always be the upper limit of the aspi-
rator unless some form of trapping is added to the system.

If an aspirator has the appropriate attachment, it can be attached directly to a
sink faucet so water exhaust can go down the drain. To prevent splashing that
occurs when the water hits the sink's bottom, place a one-half to one-liter beaker
under the aspirator filled with water. When the aspirator's water hits the prefilled
beaker, the force will be absorbed and no splashing will occur. Otherwise, if the
aspirator is going to be used at some location with no adequate drainage, a tube
should be connected to the water exhaust so that the water can be channeled to a
proper receptacle.

The aspirator's pumping mechanism is quite sophisticated, and it all begins by
water streaming past the water jet nozzle. By decreasing the internal diameter at
the point where the water leaves the nozzle, there is an increase in water speed
passing this point. Because the MFP of the gas and vapor molecules within the
aspirator is much less than the pump dimensions, aerodynamic shear causes air
movement in the desired direction. This air movement will occur regardless of
whether there is direct contact of the air with the water or not. Additionally,
because the boundary between the rushing water is quite turbulent, air is physi-

Water
inlet

Aspirator

body

Water jet
n ° Z Z l e

Receiving cone

Water exhaust

Fig. 7.11 The aspirator.

Vacuum
connection
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cally trapped and removed from the aspirator body. In addition, the faster air
moves, the less its density. As moving (and therefore less dense) air is removed,
nonmoving (and therefore more dense) air is drawn in.

7.3.3 Types and Features of Mechanical Pumps
There are many mechanical pump designs, the most common of which is the
rotary pump. It is named for its use of rotating internal parts that collect, com-
press, and expel gas from a system. Despite the simplicity in concept, there are
very interesting mechanisms that pump manufacturers have developed to over-
come the problem of mechanical pumps, namely, that they are inherently a slow
pump. It is their simplicity, however, that has made them the general workhorse
for creating a vacuum all over the world.

There are two different types of rotary pumps: vane (both single- and double-
vane, see Fig. 7.12) and piston (see Fig. 7.13). The vane pump, by definition, uses
a spring-backed vane both to separate the atmospheric gases from an evacuated
system and to sufficiently compress the gases to a pressure greater than atmo-
spheric so they can be expelled out of the pump. Regardless of whether the vanes
sweep in motion (as in the double-vane pump) or remain still and let an eccentric
drum roll past (as in the single-vane pump), the vanes permit motion within the
pump while maintaining a pressure difference of up to (typically) 10"3 torr. One of
the obvious differences between the double- and single-vane pumps is that the sin-
gle-vane pump's main rotor spins eccentrically. This eccentric spinning creates a
vibration, and if the pump is placed or mounted too close to sensitive instruments,
this vibration can affect their operation. The double-vane rotary pump rotates
evenly and quietly with little vibration. Pump vibration is important if the pump is
mounted in a location that could affect sensitive instruments.

The piston pump, like the single-vane pump, also has an eccentrically rotating
drum. However, rather than a vane pressing against the drum, there is a free rotat-
ing sleeve around the drum that rolls around the pump's inner cavity as the drum
rotates. By rolling around the pump's inner cavity, there is no sliding of moving
parts as the vane pumps. Connected to the rotating drum is a sliding shaft with a
hole in it that (a) allows air into the pump only when the drum is in the correct
position and (b) prevents air coming in at all other times. Properly made piston
rotary pumps are counterbalanced so as to have very minimal amounts of vibra-
tion.

There are inherent weaknesses in the design of vane pumps that are overcome
with piston pumps. For example, on each sweep of a vane, oil is brought from the
atmospheric side to the vacuum side, and needs to be re-outgassed on each sweep.
A piston pump's roller does not sweep oil around. Rather, it rolls over the oil with-
out pushing it aside, thus significantly reducing the outgassing problem. In addi-
tion, the slide shaft (within the piston pump) maintains the internal sections of the
pump as two separate sections. This separation further prevents the oils from mix-
ing. Within the pump, one section is maintained at the vacuum of the chamber



344 Vacuum Systems

Double-vane
Rotary Pump

,_ . ± Intake
Exhaust

Single-vane
Rotary Pump

Exhaust Intake

Gas
ballast

compression

compression

Fig. 7.12 This series of drawings displays how gas is drawn into single-and dou-
ble-rotary vane mechanical pumps, compressed, and expelled into the atmo-
sphere.

being evacuated, and the other section is maintained at the pressure for expelling
gas into the atmosphere. Because vanes are constantly scraping the internal walls
of the pump, extra heat is generated. This heat produces extra wear on the pump,
its parts, and the oil. On the other hand, the extra heat helps to outgas the oil to
some degree.

Finally, because the piston does not need to make actual contact with the inter-
nal sections of the pump (only contact with the oil is required), there is less wear
than with vane pumps. Because the piston pump parts do not make physical con-
tact, they can tolerate larger-sized paniculate matter (which may accidentally
enter the pump) and are also more forgiving of internal scratches.

Rotary piston pump studies made by Sadler12 demonstrated that the above
attributes of piston pump design helped them outperform vane design pumps both
in speed and vacuum achieved (Sadler compared pumps of comparable size). On
the other hand, piston pumps had greater vibration.

Aside from the two types of rotary pumps mentioned, you will often see the
terms single-stage and double-stage mentioned in the context of pumps. A two-
stage pump (also called a compound pump) simply refers to a mechanical pump
that has one or two pumps connected in line together. The exhaust of the first one
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Fig. 7.13 This series of drawings displays how gas is drawn into a piston
mechanical pump, compressed, and expelled into the atmosphere.

becomes the intake of the second. The rotors of the two are set in-line so that they
use the same shaft.

A two-stage pump can usually provide a decade of improvement over a single-
stage pump (total potential vacuum) and is generally quieter than a single-stage
pump [although the use of a gas ballast (see Sec. 7.3.5) can increase the noise].
Two-stage pumps typically have a (somewhat) greater purchase price and mainte-
nance cost.

The ultimate vacuum ranges of mechanical pumps are around 10"3 to 10"4 torr.
However, remember that the "ultimate pressure" of a given pump is dependent on
pump conditions, system design, system conditions, and the gas being pumped.
Regardless of the type of mechanical pump design, neither the pumping mecha-
nism nor the vapor pressure of the oil is the limiting factor in obtaining low pres-
sure. Rather, the natural limitation of mechanical pumps is due to the solubility of
air (and any other vapors and gases that are being pumped) in the pump oil (for
more information on the relationship of pump oils to mechanical pumps, see
Sec. 7.3.7).

There is not much that can be done about the fact that gases in the oil raises the
vapor pressure, and therefore raises the potential pressure obtainable with single-
stage pumps. However, two-stage pumps provide a solution: by keeping the cham-
ber above the oil in the first stage (on the inlet side of the pump) in a vacuum state,
there is less air to saturate the oil. There can be up to 105 torr difference between
the inlet of the first stage and the exhaust of the second stage. Thus, a two-stage
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pump can go beyond the physical limits of a single-stage pump. In addition, two-
stage pumps fractionate their oil as they work. The oil on the inlet (vacuum) side
maintains its purity while the oil on the atmospheric side tends to collect the con-
taminants and products of oil degradation. This design helps maintain the capabil-
ity of the pump between oil changes.

The design of two-stage pumps makes them poor choices for pumping air at
high pressures (i.e., atmospheric) for an extended amount of time. The excess air
pressure tends to cause the oil in both sections of the pump to froth and foam,
which in turn may cause the bearings and/or the seals to overheat. Thus, two-stage
pumps make poor roughing pumps. It is for this reason that some systems require
two mechanical pumps. One pump is a single-stage roughing pump to get a large
system (or a system with large quantities of moisture) down to a pressure that a
diffusion pump can begin to operate. This system is then joined by a two-stage
pump that can deliver the proper fore pressure for the diffusion pump (or other
ultrahigh-vacuum pump). The second pump is called the fore pump. If the system
is small and can be pumped down to about 1 torr within a minute or two, then the
roughing pump and the fore pump can be the same pump. However, if your work
tends to cycle between atmospheric and vacuum on a repeated and continual
basis, the addition of a roughing pump is recommended.

Pumps can also be divided into direct-drive or belt-driven models. Direct-drive
models run faster and quieter, and they are smaller and lighter for the same level
of performance. For many years they were not considered able to withstand the
workloads of belt-driven pumps because they tended to wear out prematurely.
Fortunately, direct-drive pumps have improved considerably over the years.

In their early design, direct-drive pumps simply had the shaft of the motor
extended, and a pump was placed on this shaft. Unfortunately, any minor variation
in alignment caused excessive wear and tear on the pump bearings and vanes.
Inexpensive direct-drive pumps that are in production today still have this inferior
design.

Currently, the motor section of the direct-drive pump is connected to the pump
section by a coupling. This coupling allows acceptable variations in alignment
between the motor and pump, but each component independently maintains their
own tight tolerances.

Another holdover from belt-driven pumps that was applied to direct-drive
pumps was that the oil was initially gravity fed. Unfortunately, this was not suffi-
cient for the greater speeds of direct-drive pumps, and early designs often suffered
premature bearing failure. (Direct-drive pumps typically spin at 1800 rpm while
the pump on a belt-drive pump is typically spinning at about 600 rpm.) A small set
of blades ws added to direct-drive pumps that forced the oil into the pumping
region, thereby eliminating the problem.

All of the aforementioned pumps require oil for operation. One of the draw-
backs to standard mechanical pumps is their propensity toward backstreaming of
their oils, causing the potential contamination of the system. Once the pump has
achieved its greatest vacuum, its efficiency drops to zero. At that point there is lit-
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tie to prevent vapors and gases going toward or away from the pump, and back-
streaming can occur.

To decrease or limit the potential for backstreaming, traps and baffles are used.
An alternative is to use a pump that doesn't require oil; these dry pumps have no
grease or liquids (oils) in the pumping region. One type of a small dry pump
design is the scroll pump. A scroll pump can achieve speeds of about 8 liters/sec
and have ultimate total pressures of about 10"3 torr. The value of these pumps is
that because there are no oils in the pumping region, there is no concern about any
backstreamed oils getting into the vacuum system.* This means that for any pro-
cesses that must be kept (oil) contamination-free and whereone wishes not to deal
with traps and all the accompanying hardware and maintenance, scroll pumps
seems like a wonderful opportunity. Be forewarned that these pumps are very
expensive and are intended to be cost-effective when compared to the potential
costs of trap and baffle maintenance over the life of the pump.

For all pump types or designs, there are three different types of motor housings,
each providing different levels of safety. Therefore, the environment that the
pump will be used in should also be considered when selecting a pump:

1. Open motors provide an inexpensive housing that is to be used in a
clean dry environment (no protection necessary).

2. Totally enclosed fan-cooled motors are used where moisture or dirt is
prevalent (protects the motor).

3. Explosion-proof motors are required to meet the National Electrical
Code Standards for use in hazardous conditions. These are used where
gas, dust, or vapors may be in hazardous concentrations and a spark
from the motor could cause a fire or explosion.

The final pump characteristic is pump size. To obtain a pump that is too large
and/or too great, a pumping power for a given need can be a waste of money.
However, if a pump is not large or powerful enough, there is a further waste of
extra money spent when the proper size pump must be purchased. In general, it is
better to err too large than too small. A simple formula can be used to aid in the
selection of a pump size14:

S = ^ - ^ (7.10)

where 5 is the pumping speed (liters per minute)

V is the chamber volume (liters)

Among the duties of oils in standard mechanical pumps are those of protection. Since scroll pumps
do not have oil, they are dependent upon traps and baffles for protection against gaseous and panic-
ulate contamination. Although backstreaming of pump oils is not a concern from a scroll pump, the
need for traps still remains. Ironically, the demands of maintenance on traps for scroll pumps is
greater than for regular pumps due to the total lack of protection the pump has for itself.
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Table 7.6 Desired Chamber Pressure in torra

100

F = 2.03

10

4.33

1

6.62

0.1

8.93

0.01

11.2

0.001

13.5

0.0001

15.8

" From "Vacuum Products" by Welch Vacuum, Thomas Industries, Inc., p. 125, © 1988 by
Welch Vacuum Technology, Inc, reproduced with permission.

t is the time of evacuation desired (minutes)

F is the pump down factor,

and is (2.3 x log (760 / desired chamber pressure
in torr)), or see Table 7.6.

For example, if you have a vacuum line of about 20 liters that you wish to bring
to 10'2 torr in 10 minutes, then

20x11.2s =
10

= 22.4 liters/minute

This determination is assuming that you have a perfectlydesigned vacuum sys-
tem with no narrow passageways, no extra chambers, no bends, no contamination,
and no traps, baffles, or stopcocks. Not much of a vacuum system, but it sure
would be fast. Because you are working in the real world, the real pumping time
will be slower. To compensate for this slower time, it can be helpful to multiply
the above result by 2 or 3 to ensure that the pump will be adequate to handle your
system's needs. However, as a tool for approximating the minimum size needed,
the above formula is usually sufficient. The final decision of what pump to pur-
chase, as in all selections, will depend on what you are willing to settle for and/or
what you can afford. (More information on pump speeds is provided in
Sec. 7.3.10.)

In many laboratories, the demands on a standard mechanical pump are less crit-
ical than in industrial use. A lab is generally more interested in obtaining a low
pressure than in the speed and/or volume pumped. Typically, the primary consid-
eration in the laboratory is that the mechanical pump achieves the vacuum
required (for example: for diffusion pump operation) in a reasonable amount of
time.

Most manufacturers suggest the size of fore pump to be used with their diffu-
sion pump. If you do not have this information, it is possible to match a fore pump
with a diffusion pump by using Eq. (7.11):

(7.11)

where is the fore pump speed

is the fore pump operating pressure
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Sd is the diffusion pump speed

Pd is the diffusion pump operating pressure

Whatever you get for the fore pump speed from Eq. (7.11), it's a good idea to
use a pump with at least double that figure to accommodate pressure fluctuations
and make up for line impedance within the vacuum system.

In summation, the following suggestions should be considered when selecting a
mechanical pump:

1. For table-top demonstrations and/or small experiments, a direct-drive
pump is excellent. Its portability, low vibration, and generally quiet
operation is important.

2. For general experimentation, large manifold systems, and industrial
operations, direct-drive pumps are also strongly recommended. If, how-
ever, you are pumping a dirty environment, belt-driven mechanical
pumps should be considered because their greater oil chambers can bet-
ter tolerate contamination (see Sec. 7.3.7). They can easily be placed in
pans (to catch any accidental oil leaks) on the floor, and they can be left
on for days and/or weeks of continuous operation.

3. Double-vane pumps have the least amount of vibration.

4. Piston pumps are not made with the same close tolerances as vane
pumps, so they are more forgiving for particulate matter developing
within the pump oil. They also exhibit greater performance than other
pumps of comparable size.

The size of the pump, however, is still up to the needs and demands of the user.

7.3.4 Connection, Use, Maintenance, and Safety
At first glance, the use of a mechanical pump seems so straightforward that little
needs to be said—and for the most part that's true. However, failure to observe
some simple rules can result (at least) in inefficient running of the pump and (at
worst) pump destruction.

Connection. Always place your pumps in some type of tray so that any leaks
will be contained and will not create slick spots.* This placement is especially
important if the pump is positioned on the floor. By placing the pump on the floor
(and in a tray), any vibration effects from the pump on instruments sitting on lab
benches will be limited.

The most efficient attachment of a pump to a vacuum system is with a tube as
short in length and as large in diameter as practical. Unfortunately, it is not
uncommon to see five-feet of vacuum hose between the mechanical pump and the

* This is not meant to imply that all pumps leak, and it is extremely unlikely that a new pump would
leak. However, old pumps may leak, and any time the pump oil is changed, there is a chance for
spillage.
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vacuum system coiled and doubled over on itself. This setup is not only a waste of
tubing, but it may cause a decrease in pumping efficiency.

Pump accessibility is equally important. The sight gauge (see Fig. 7.15; pump
belt, exhaust line, electrical connections, and oil drain should be easily accessible.
If there is any chance that there could be particulate matter coming from the sys-
tem, filter traps* should be placed at the pump intake.

All exhaust from a mechanical pump should be vented to a fume hood regard-
less of the room's ventilation quality or the type of pumped gases. Each time you
bring new samples into vacuum conditions, your system is pumping at atmo-
spheric pressured Because pump oils have low vapor pressures, and pump oils
themselves are considered nontoxic, there is little concern for breathing pump oil
mist. However, there may be dangers from trapped vapors within the pump oils.
Regardless, there is little reason to breathe the pump oil mist if it can be avoided.
Check with the manufacturer or distributor of your pump for an oil mist filter for
your pump. If you use a condensate trap, be sure you position your exhaust line so
that material does not drain back into the pump (see Fig. 7.14).

Use. When you first start a mechanical pump, a gurgling noise will sound. This
noise is to be expected when a mechanical pump is pumping against atmospheric
pressure and should subside in a few seconds to minutes depending on the size of
the system. If the sound does not change, several causes may be present: There
may be a stopcock (or valve) on the system open to the atmosphere, part of the
system may have been broken off, or the lower portion of a cold trap may have
slipped off the trap into a Dewar. Gurgling can also indicate that the pump oil is
low. If this case applies, the pump should be stopped, vented, and then filled to the
proper level. Finally, a somewhat different gurgling sound can be caused by an
open gas ballast. Although this situation may sometimes be confused with an air
leak, they are different sounds and one should listen to a gas ballast sound to
familiarize themselves with that noise. A gurgling noise from a mechanical pump
cannot be caused by a minor (or small) leak, so expect to look for a major reason
for the noise. (For small leaks, see Sec. 7.6 on leak detection.)

Before shutting off a mechanical pump, the pump should be vented to atmo-
spheric pressure. Although some mechanical pumps (and essentially all new
pumps) have a check valve designed to prevent reverse flow, it is not a good idea
to depend on such a valve. If a vacuum is held on the inlet side of a pump with the
pump off, the pump oil may be drawn up and into the vacuum line. Therefore, it is
best to treat all pumps as if they did not have such a valve. When turning off a
mechanical pump, it is best to vent (to the atmosphere) the section of the vacuum
line connected to the pump. Your pump should be separated from the rest of the
line when venting so that the rest of the line is not exposed to the atmosphere. If

These traps do not significantly affect the flow rate, but without them, destructive wearing of the
pump mechanism could result. Contact your pump supplier for filters to fit your specific pump.
f This pumping tends to froth the oil, and the addition of an oil mist filter is imperative.
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Condensate
/trap

Pump Pump

No trap

Right Wrong

Fig. 7.14 The proper orientation of a mechanical pump's exhaust condensate trap.
Reprinted from N.S. Harris, "Practical Aspects of Constructing, Operating and
Maintaining Rotary Vane and Diffusion-Pumped Systems," Vacuum, Vol. 31, ©
1981, p. 176, with kind permission from Elsevier Science Ltd, The Boulevard,
Langford Lane, Kidlington 0X5 1GB, UK.

the vacuum system is exposed to the atmosphere, it will take longer to re-pump
down because moisture from the air will have absorbed on the walls of the system.

Maintenance. Probably the most common problem with mechanical pumps in
labs is inattention to the pump oil. More pumps have died because of LSETCOI
(Let Someone Else Take Care Of It) than as a result of any heinous intentional act
of destruction. The reason is simple: Changing pump oil is not fun or glamorous.
The proper maintenance of a mechanical pump, however, is as necessary as clean-
ing glassware, keeping a proper lab notebook, and backing up a computer hard
disk.

If you are supplied with a used mechanical pump and do not know (or trust) its
history, check the oil, both for level and quality. On the side of any mechanical
pump is a sight gauge (see Fig. 7.15). The oil level should be between the "high"
and "low" sight lines. If it is too high, some oil should be drained from the pump.
If it is too low, some oil should be added.

When examining pump oil quality, it can be beneficial to compare the used oil
with unused oil. To do this comparison, keep a small sample of pump oil in a
closed jar for inspection. The oil in the pump should be discarded if the oil
appears cloudy with a whitish, emulsified appearance, is discolored, or (espe-
cially) has tar or particulate flecks.

If you have the facilities to check the viscosity of pump oil, the oil should be
about 300 SSU at 100°F (SAE 20 W), + 100 SSU.15 If the oil's viscosity is beyond
that range, it should be changed.

V J
Fig. 7.15 Check the gauge window on mechanical pumps to see that the oil level
is arlpnnatpis adequate.
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Pump# Date
Oil
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(units)

Change
Oil Initials

Fig. 7.16 A suggested log book layout for routine mechanical pump maintenance
in the laboratory.

If you cannot check the viscosity of the pump oil, you should be able to cross-
check the oil by the current pressure obtained by the pump vs. its fresh (new) oil
pressure. If there is a 100-mtorr, or greater, increase in vacuum using fresh oil as
opposed to the current vacuum, change the oil. You can maintain a log book (see
Fig. 7.16) of your lab's pump history to have a record of pressure changes over
time.

There can be no rule for how often pump oil should be changed. It cannot be
done on an "every two to three thousand mile" basis, or even after 20 to 30 hours
of operation. It may be necessary to change the oil as often as every day or as sel-
dom as once every several years. It all depends on how often you use your system,
what types of chemicals your system is being exposed to, how effective your trap-
ping systems are, and how effectively you are using your gas ballast (if any) (see
Sec. 7.3.5). If your system requires an oil change every six months, it does not
mean that you only have to check it every six months. Monthly, or even weekly,
oil quality checks are advised for any system. A log book, kept in the lab, with
sections that note important data (as shown in Fig. 7.16) will help in lab mainte-
nance. (This log book will also be of value when looking for leaks.)

As ironic as it may seem, a pump that is run continuously may require fewer oil
changes than a pump that is constantly cycling between atmospheric and vacuum
pressures. This condition may be true even if the second pump is run the same
number of hours because the cycling pump will be exposed to a greater amount of
condensable vapors, which are more likely to severely affect the pump's oil. By
continuously running a pump against a load (vacuum) or even better yet, a dry
nitrogen leak, the percentage of condensable gases in the pump's oil can be signif-
icantly decreased. By removing the condensable gases (especially those that may
be particularly corrosive or reactive to the pumps insides) there are less opportuni-
ties for internal pump damage.

When changing a mechanical pump's oil, first run the pump for a short time to
warm the oil. Warm oil will drain more efficiently from the pump. Open the side
valve and let the oil pour directly into a container (use a funnel if necessary). If it
is physically possible, tipping the pump may speed oil draining, but it should not
be required. The pump may retain small pockets of pump oil within small sections
of the pump. These pockets can be emptied out by partially* closing the exhaust

Completely closing the exhaust port can cause the oil to come out in forceful spurts.
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Parallel, but not in same plane

Not parallel

Parallel and in same plane

Fig. 7.17 Alignment of mechanical pump belt pulleys.

port and turning the pump by hand. If you start up the pump with a fast click-on
and click-off to remove this last bit of oil (as opposed to rotating the pump by
hand), the oil may spurt out with surprising force and create a mess.

Return the old oil to where ever used oil is to be returned. Although mechanical
pump oil by itself is not toxic, during use it becomes a repository for condensable
vapors that may have passed through it. While changing the oil, wear rubber
gloves and safety glasses. Never pour used mechanical pump oil down the sink
or throw containers of it in the trash. Because the oil could be carrying toxic
materials, it should not be sent to a trash dump or landfill. If there are any
questions, check with your pump oil supplier, your safety coordinator, and/or
your city's Department of Waste Management.

Typically, the new pump oil is poured into the exhaust port, but check with your
manual to verify this for your pump. The amount of oil required is dependent on
the individual pump and should be stated in the pump manual. If you cannot find
the manual and have to "wing it," pour slowly and allow ample time for the oil to
show up in the observation port.

If there are any spills when emptying or refilling a pump, clean them up imme-
diately. Pump oils are not toxic, but such spills become slick and slippery and are
considered accidents just waiting for someone to walk by.

Emptying the old oil from a pump and refilling the pump with new oil is gener-
ally sufficient when changing a pump's oil. However, if pump oil is particularly
filthy, empty the old pump oil and refill the pump with a flushing fluid.* Let the
pump run for 10 minutes with the flushing fluid against a load, then drain and
refill with the correct oil. A flushing fluid can only be used with hydrocarbon
pump oils. Alternately, fill the pump halfway and do not let it run for a minute, but
no longer (never partially fill a pump, and let the pump run for any extended
period of time). A final alternative to filthy pump oil is to fill the pump up with
pump oil and let it run. By alternately plugging and unplugging the inlet for some
five minutes, the oil will agitate and aid the flushing of any undesirable materials
and/or old oils within the pump. If you use this technique, refill and empty the

A flushing fluid is a special hydrocarbon liquid designed specifically for "flushing out" mechanical
pumps. It can be obtained from most mechanical pump, and mechanical pump oil manufacturers and
suppliers. Do not use a hydrocarbon solvent, such as acetone because you will destroy your pump.
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Between 1/2" and 3/4" deflection

Fig. 7.18 Acceptable deflection of the pump belt is between V2"and 3/4".

pump one extra time before refilling the pump for use. After changing the pump
oil, be sure to wipe off any oil that may have spilled on the pump, especially the
motor. Oil and dirt can prevent the proper dissipation of heat, which could damage
air-cooled (or fan-cooled) systems.

Any oil seen around the drive shaft is an indication that a drive shaft seal may
need replacement. Unusual noise and/or heat may indicate bearings that may need
to be changed or a failure of the internal lubrication system. Typically, the first
section of a pump that will show wear from abrasive paniculate matter that may
have entered will be the discharge valves and will be indicated with drops in pres-
sure.

If the motor or pump mechanism requires lubrication, typically once a year is
sufficient. To lubricate more often than that causes the excess grease to be forced
out on the inside of the motor housing, potentially landing on the windings of the
motor. This can prematurely destroy the motor.

If you have to change the belt, be sure to align the pulleys both parallel and on
the same plane (see Fig. 7.17). After the belt is on, check its tightness by firmly
placing your finger on the center of the belt. The deflection should be between l/{
to V{ (see Fig. 7.18). If the belt is too loose, it may slip on the pulleys; this causes
friction and heat, leading to premature failure. On the other hand, if the belt is too
tight, it may break, even within a week of constant use. After a day or two of oper-
ations use, recheck the tension because it is likely to have loosened.

7.3.5 Condensable Vapors
A working pump is constantly trapping condensable vapors within the pump oil.
This trapping is caused both by the pump's churning action, which physically
mixes the oil and gases, and by the high pressures within the pump during the
compression stage of the pump cycle. During the compression stage, the gases
and vapors must be brought to a pressure greater than atmospheric before they can
be expelled into the atmosphere. Now, by definition, condensable vapors in a vac-
uum are in a gaseous state. As they are compressed within the pump, some of
them may condense out and can mix into the mechanical pump oil. Then, as the
veins of the pump continue past the exhaust point of the pump and back to the
vacuum side, the condensed vapors can revolatilize.
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The revolatilization of condensable vapors will decreases vacuum potential by
replenishing the vapors in the system you were just trying to remove. This can
create an artificially high maximum limit on the pump's potential vacuum. In
addition to the backstreaming of vapors, the pump itself is affected when condens-
able vapors contaminate the pump's oil. Not only will this decrease the vapor
pressure of the pump oil, but the condensed vapors can cause a reduction of lubri-
cation and sealing properties of the oil and lead to an eventual corrosion of the
pump's internal parts. Other condensed liquids (such as hydrocarbons) can mix,
emulsify, and/or break down the pump oil. They can also directly destroy a pump
by chemical attack, or indirectly, by poor pump performance, they can cause extra
wear and tear on the pump parts.

There is no one good way to prevent condensable vapors from affecting a
mechanical pump. There are, however, two directions that one can take in dealing
with the problem: One is to limit them from getting to the pump, the other is to
prevent them from affecting the pump once they are present. Neither is the best
approach, and usually it takes combinations of the two to deal effectively with the
problem. An alternative approach is to constantly change the pump oil. This solu-
tion however, is neither cost- nor time-effective.

To prevent (or limit) condensable vapors from getting to a pump, traps [either of
chilled or chemical design (see Sec. 7.4 on traps and foreline traps)], are used.
Depending on the type of trap used, there are opportunities for vapors to pass on
to the mechanical pump. Thus, one cannot depend fully on traps of any kind, and
one must also deal with vapors at the pump itself.

To prevent (or limit) condensable vapors that reach a pump from affecting the
mechanical pump oil, a gas ballast (also called a vented exhaust) is used. The gas
ballast allows a small bit of atmosphere (up to 10%) into the pump during the
compression stage so that the gas from the system is only part of the gas in the
pump at the time of greatest compression. Thus, at the time of compression, the
total percentage of condensable vapor within the pump is much less than there
would be otherwise. Because the gas prior to being expelled is at a lower pressure,
less of the vapor can be compressed into a liquid. Then, as the veins sweep into
the vacuum side of the pump, no condensed vapor can expand back into a vapor.

Ballasting decreases the potential vacuum a pump could normally produce
(about one decade of performance capability*). However, it dramatically improves
its performance over the long run in the presence of condensable vapors. Plus, it
helps to protect pump oils from contamination, which decreases pump breakdown
possibilities and increases the longevity of the pump oils. Incidentally, running a
pump with a ballast causes the pump to run a bit hotter than it otherwise would,
which decreases the potential gas-carrying ability of the oil.

* If you can obtain 10"3 torr without a ballast, you may only be able to obtain 10'2 torr with a ballast.
If you are not obtaining expected performance and you have a ballast, you may want to check if the
ballast was inadvertently left open.
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For maximum efficiency, a gas ballast should be open when first pumping on a
vacuum system, or when pumping a system that has (or is creating) condensable
vapors. Once sufficient vacuum has been achieved and the majority of condens-
able vapors have been removed from a system, the gas ballast can be closed,
although it does not hurt (beyond ultimate pump performance) to leave a ballast
open all the time.

Although gas ballasts can be found on both single- and double-vane pumps, as
well as piston design pumps, they are more likely to be found on double-stage
pumps than on single-stage pumps. It is interesting to note that a vane pump tends
to run noisier with the gas ballast open, whereas a piston pump tends to run qui-
eter with the gas ballast open.

When work is over, there is a tendency to turn everything off. Normally this
approach is proper. However, it is better to leave a mechanical pump on (ideally
pumping against a dry nitrogen purge) after regular use. The purge should be held
at about 300(x for as long as a day to help "flush out" any condensate from the
pump oil. This extended pumping will not help pump oil already broken down,
but it will help decrease any more pump oil from further destruction by expelling
any remaining contaminating material. It also helps to remove water vapor from
the pump oil. When letting your pump run for such an extended period of time,
always let the pump pull against a load. In other words, never let a pump run with
the inlet open to atmospheric pressure because the pump oil will froth and lose its
protective characteristics—which can ruin the pump.

You can make a dry nitrogen leak fairly easily. Take a copper tube with fittings
to go between a compressed nitrogen tank and the vacuum system, and smash
about two inches of the tube flat with a hammer. You can check the quality of your
"leak" by attaching this tube to the nitrogen tank, and open the main valve. Place
the other end in a container of water and observe the gas bubble formation as you
increase the delivery pressure. Sufficient pressure to produce a bubble every 10
seconds or so will provide an adequate leak for a good flushing. Certainly not
high-tech, but it seems to work quite well. This can be used not only to help flush
out condensable gases from a mechanical pump, but also to flush out a vacuum
line of contaminants (provided that the vapor pressure of the contaminants can be
achieved with the extra pressure of the dry nitrogen leak purging into the system).

There is an alternate approach to preventing condensable vapors from entering
mechanical pump oils—that is, maintaining the pump at relatively high tempera-
tures. The high heat prevents the vapors from condensing within the pump despite
the high pressure. However, due to the inherent dangers of this type of pump, as
well as the problem that pump oils begin to deteriorate after being maintained at
high temperatures, this approach is seldom used.

7.3.6 Traps for Pumps

All pumps should be protected from materials within the system, the system
should be protected from all pump oils, and a diffusion pump (if any) should be
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protected from mechanical pump oils in the foreline.* These protections can be
achieved by using traps. More information on traps is presented in Sec. 7.4, but
the following information is important for general operation.

Any water or hydrocarbon solvents left from previous operations should be
removed from traps before beginning any new vacuum operations. Otherwise, any
materials in a trap when first beginning operation will be drawn directly into the
pumps, which is what the traps are trying to prevent. Having no material in the
traps to begin with removes this possibility.

A buildup of water or hydrocarbon solvents during operation can decrease, or
cut off, throughput of gas through a trap. If this situation occurs, close off the trap
from the rest of the vacuum line and pump. Once isolated, vent the trap to the
atmosphere^ let the trap come to room temperature, remove the lower section,
and empty the trap. In some cases it may be necessary to remove the trap before it
has thawed and place it within a fume hood to defrost. It is a good idea to have
some extra lower sections of cold traps to exchange with one that is being cleaned
to limit your downtime. If you expect to remove frozen trap bottoms often on a
glass system, it may facilitate operations if O-ring joints are installed on the sys-
tem rather than standard taper joints because O-ring joints are easy to separate,
even if the trap is cold (see page 398).

Cold traps must be used if mercury is used in your system (such as manometers,
diffusion pumps, bubblers, or McLeod gauges) and if your mechanical pump has
cast aluminum parts. Mercury will amalgamate with aluminum and destroy a
pump. Even if your mechanical pump does not have aluminum parts, the mercury
may form a reservoir in the bottom of the mechanical pump, which may cause a
noticeable decrease in pumping speed and effectiveness. Aside from a cold trap
between the McLeod gauge and the system, place a film of low vapor pressure oil
in the McLeod gauge storage bulb. This oil will limit the amount of mercury vapor
entering the system that makes its way to the mechanical pump.17 In addition, an
oil layer should be placed on the mercury surface in bubblers and other mercury-
filled components.

When first starting up a vacuum system, let the pumps evacuate the system (if
starting up the system for the first time) or the traps (if they have been vented to
the atmosphere) for a few minutes* before setting the traps into liquid nitrogen.
Otherwise you are likely to condense oxygen in the traps and create a potentially
dangerous situation when the pumps are turned off (see Sec. 7.4.3).

*The foreline is the section of the vacuum system between the high-vacuum pump (i.e., diffusion
pump) and the fore pump (i.e., mechanical pump).
+ Traps should always have stopcocks or valves on both sides and should also have a third stopcock
or valve to vent the trap to the atmosphere to allow removal of the trap. This allows the trap to be dis-
assembled without exposing the system or the pump to the atmosphere.

* When a pump is working against a no-load situation, it is often louder than when it is pumping
against a vacuum. You can use the volume change as a guide as to when it is safe to begin using liq-
uid nitrogen.
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7.3.7 Mechanical Pump Oils
In this section on mechanical pumps, constant attention is placed on the protection
and/or maintenance of pump oils. This is because of the incredible demands
placed on these oils. Ideally, all mechanical pump oils should:

1. Be thermally stable

2. Be chemically inert

3. Exhibit a low vapor pressure over a wide temperature range

4. Lubricate

5. Maintain the same lubricity and viscosity over a wide temperature range

6. Maintain a vacuum seal between sections

7. Cool heated sections of the pump

8. Trap vapors and paniculate matter from the vacuum system

9. Be compatible (and not interfere) with the environment and provide pro-
tection from the environment

10. Be nontoxic

In addition, mechanical pump oils can be specialized for use in specific environ-
ments such as those with high-oxygen contents. Some are blended for use in spe-
cific types of pumps such as direct-drive pumps, belt-driven pumps, and rotary-
piston pumps. As with most things, no single product fits the bill for all circum-
stances. Thus, there are many varieties, grades, and types of mechanical pump
oils.

Various manufacturing processes produce oils with different characteristics.
Each of these characteristics varies the oil's tolerance of what it can withstand and
still provide safety and protection to the pump. Among the properties that can be
altered and enhanced are:

1. Molecular weight: It is better to have a highly refined fluid composed
of a narrow range than to have a wide range of molecular weight.

2. Vapor Pressure: Although the vapor pressure of an oil itself is seldom a
limiting factor of what the vapor pressure in use will be, it still provides
a benchmark level to compare various oils.*

3. Pour point: This property is critical if the pump will be used in cold
environments. An oil with too high a pour point could prevent a pump
from starting and require the pump to be artificially heated to begin

Regardless of the pump oil used, the vapor pressure of a pump oil (off the shelf) is seldom the lim-
iting factor in the potential vacuum a mechanical pump can achieve. For example, when diffusion
pump oils are used in mechanical pumps, they tend to exhibit a decreased ability to pull a vacuum
due to the partial pressure of the dissolved gases within the pump oil. Thus, due to the heat of the
pump and contamination in the oil, the vapor pressure of the oil can be greater than its stated pres-
sure by a factor of 10 to 100.
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operation. On the other hand, an oil with too low a pour point may burn
off if used in too hot an environment.

4. Viscosity: Pumps with tight tolerances, such as vane pumps, require a
low viscosity oil, whereas pumps with low tolerances, such as piston
pumps, require a higher viscosity oil.

5. Fire point: Any pumping of pure oxygen (or a high percentage oxygen
mixture) can cause most oils to explode or degrade rapidly. Therefore,
pumping these materials requires a very high (or nonexistent) fire point.

With all the varieties of mechanical pump oils available, there is one further
complication: Pump manufacturers are selective about the oil that goes into their
pumps. Most pump manufacturers want to sell you their brand of pump oil(s).
This tactic is not so much greedy as it is an attempt to ensure that (what they feel
is) a high-quality oil goes into (what they believe is) a high-quality product. It is
the best way they have to prevent you from destroying your pump. If there are any
questions about the selection of pump oils, check with your pump's manufacturer.
The manufacturer usually would rather help you for free than have one of his or
her pumps look bad—even if it is your (the user's) fault! However, be warned: If
you place a non-approved oil into a pump, a manufacturer can void any warranty
associated with the pump! If you have been advised to use a pump oil on a new
pump that is different than what the operating instructions recommend, be sure to
find out (in writing) what effects this oil may have on the warranty.

There should be no problem when changing pump oils to remove the old, and
simply replace it with a fresh amount of the same oil. However, it is not always
possible to simply pour one type out and pour a different one in. Some mechanical
pump oils are specifically designed for specific pump designs, while others are
designed for specific gas types and conditions. Likewise, you may need to change
pump oil types when changing a pump's service to a different type of service
(e.g., standard vacuum pumping to oxygen pumping). Depending on the intended
service, it may be necessary for a pump to be returned to the manufacturer and
rebuilt. For example, if you need to pump pure oxygen, a mechanical pump must
be altered at a factory. This alteration will include changing the lubricating oils in
the bearings and seals; if this is not done, an explosion could occure. In addition,
because some oils are more viscous than others, the pump may need alteration to
increase or decrease clearances between parts.

Just like auto engine oil, mechanical pump oil breaks down and needs to be
replaced. And, similar to synthetic auto engine oils, mechanical pump oils should
be replaced over a period of time, even if they have not broken down. Although
the quality of an oil may not have diminished, replacing old oil also removes par-
ticulate matter and collected chemicals. Paniculate matter, if soft, can turn pump
oil into a gel. Because the viscosity of this gel will be greater than the original oil,
the pump will be operating at a higher temperature and is more likely to fail. Hard
paniculate matter can scratch the insides of a pump, causing leaks and decreasing
performance potential. Chemicals typically get trapped in a pump by entering as
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vapors that were not stopped by a trap. Vapors in the vacuum state will condense
out during the compression stage within a pump (using a gas ballast can limit the
effects of this occurring). Once condensed out, a condensed chemical's vapor
pressure can be sufficiently high to lower the pump's efficiency. Condensed
vapors can also react with pump oil to form gum deposits or simply degrade the
oil. In addition, although pump oil may be impervious to acids, the pump contain-
ing the oil is not likely to be as resistant. Thus, if your work produces acid fumes,
periodically test the oil's pH.

Direct-drive pumps can successfully run with less oil a they are designed to be
used with. This is because their internal oil pumps successfully force oil into oper-
ating parts that would otherwise be insufficiently fed by gravity in a belt-driven
pump. However, it is not wise to depend on this approach to pump maintenance
because, as discussed in the beginning of this section, pump oil does more than
just the lubrication of parts and maintenance of the vacuum seal between moving
parts. Pump oil is also used to cool pump sections and trap vapors and particulate
material. Therefore, it is certainly not wise to run a direct-drive pump with less
than manufacturer's recommended oil volumes on an actively used vacuum sys-
tem. If your vacuum system has particularly large concentrations of vapors, it may
be better to use a belt-driven pump because of their greater oil capacity. A given
amount of contamination in the larger oil tank of a direct-drive pump results in a
smaller percentage of contamination.

7.3.8 The Various Mechanical Pump Oils
There are five primary types of mechanical pump oil.* The advantages and disad-
vantages of these various materials are explained below and in Table 7.7.

The Hydrocarbon Oils. These oils are the most common and least expensive.
They are composed of paraffinic, naphthenic, and aromatic hydrocarbons and pro-
vide excellent sealing qualities. When these oils are properly distilled, they can
exhibit low vapor pressures (10~4 to 10~6 torr). However, they oxidize quickly
when heated, have a tendency to form sludge and tars, and are likely to foam if
pumping against atmospheric pressure (as opposed to a vacuum).

By fractionating (or vacuum-distilling and double vacuum-distilling) the oils,*
finer grades have been developed that exhibit widely varying properties. Further-
more, oils from different geographic locations have different (both good and bad)
properties. Blends of these oils can create new oils of wildly varying compositions
and qualities.

Many of the negative properties of hydrocarbon oils can be overcome by the use
of additives which "inhibit oxidation, reduce foaming, disperse contamination,

Despite their high success in diffusion pumps, the silicone oils do not have the lubricity character-
istics that are required for use within mechanical pumps. Some mechanical pump oils with a silicon
base have been formulated, but they have not exhibited any improvements over other oils currently
in use.
* Vacuum-distilled grades are often called mineral oils.
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Table 7.7 Mechanical Pump Oil Types

Pump Oil Type
Chlorofluorocar-
bon
(CFC) (e.g., Halo-
Vac®)

Chlorophenyl-
methylopolysilox-
ane (a.k.a. Chlo-
rosiloxane)

Hydrocarbons
(too many to list)

Perfluoropolyether
(PFPE) (e.g.,
Fomblin® and
Krytox®)

Phosphate ester
(e.g., Fyrquel®)

Good Points

Extremely nonreactive and will only
ignite under extreme circumstances.
Less expensive than perfluoropoly-
ethers.

Particularly useful in low tempera-
ture operations because of low vis-
cosity.

These pump fluids are the cheapest
and provide good, all-round protec-
tion for the pump. They can be spe-
cialized for specific pumps (such as
direct-drive, belt-driven, piston, or
vane), as well as for specific uses.

Nonflammable. Can be used for the
pumping of pure oxygen. Maintains
stability in strong acids, bases, and
halogens. Initially expensive, but can
be regenerated to reduce overall
costs. Viscosities and pour points are
similar to hydrocarbon oils.

Has a higher flash point than hydro-
carbon oils and is considered fire-
resistant, not fireproof. Its use was
more common until the advent of
fluorocarbon fluids.

Negative Points

Should not be used in pumps with alu-
minum parts. Heating over 280°C will
produce HF gas. Difficult to clean.
Viscosity varies with temperature.
Has a rather high vapor pressure.

Unless required for low-temperature
operations, value is negligible.

Should not be used in systems that will
be pumping pure oxygen. In harsh
environments, should be changed very
often.

Heating over 280°C will produce HF
gas. Difficult to clean. While not
attacked by most gases, some are
absorbed causing very acidic solu-
tions. This quality makes neutraliza-
tion filtration a must. The oil should be
periodically replaced to remove the
toxic materials built up within it.

Reacts slowly with water from water
vapor when in use, causing a decrease
in potential vacuum. Thus it is neces-
sary to change the pump oil more often
than would be required with hydrocar-
bon oils.

1 ft

reduce wear, depress the pour point, and increase the viscosity index." On the
other hand, these additives tend to increase the vapor pressure of the oil. Some
manufacturers add a coloring agent to the oil that neither helps nor hinders the oil,
but such oil may have a more appealing appearance.

Fortunately, most standard mineral oils work extremely well for a wide range of
work. Although they are more likely to break down, especially in harsh environ-
ments, their relatively inexpensive costs make them easy to replace. Because
some conditions will cause a hydrocarbon oil to change into a tar, there are flush-
ing fluids available that help to remove tar deposits when changing the oil. In
addition, flushing fluids help remove particulates and improve the removal of
vapors remaining after draining the original oil. Flushing fluids can only be used
on hydrocarbon oils.

The Phosphate Ester Oils. These oils react slowly with water and therefore
require more frequent changes than hydrocarbon oils. These oils are considered
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fire-resistant, not fireproof. Before the advent of the fluorocarbon oils, they were
used for oxygen-rich environments.

The Chlorofluorocarbon Oils (CFCs).* These oils are nonreactive, do not form
tars, do not break down, and are nonflammable; therefore they can be used in
pumping pure oxygen. On the other hand, they have greater viscosity changes
with temperature than do most other oils. In cold temperatures the viscosity can
be great enough to prevent a pump from starting. In addition, if these oils (such as
HF fumes) are subjected to temperatures greater than 280°C, highly toxic fluorine
compounds are produced. As an extra safety precaution, there should be no smok-
ing anywhere near pumps using CFCs. It is easy for a contaminated finger to pass
a CFC onto a cigarette, which in turn will be burnt and inhaled!

The chlorofluorocarbon oils should not be used with any pump that may have
aluminum components (if in doubt, check with the manufacturer). A momentary
seizure of an aluminum part can cause a highly localized temperature increase,
which, when in contact with a chlorofluorocarbon oil, can cause an explosion.

Incidentally, thermocouples can be affected by CFCs and display a reading
three to five times greater than the real pressure. The gauge itself is not affected
because the difference is due to the greater thermal conductivity of a CFCs to air.
The user needs to divide the thermocouple reading by a factor of three to five to
obtain actual pressure.

The Perfluorinated Polyether Oils (PFPE). These oils are the most expensive
oils available. They are extremely nonreactive, do not form tars, do not break
down, are nonflammable, and can therefore be used in pumping pure oxygen.

If these oils are subjected to temperatures greater than 280°C, highly toxic gases
(HF) can be produced. Therefore, there should be no smoking anywhere near
pumps using PFPEs. It is easy for a contaminated finger to pass a PFPE onto a
cigarette, which in turn will be burnt and inhaled!

The excellent stability of these oils creates a new problem. Among the duties of
pump oils is trapping vapors and particulate material from a system. Acids and
particulate matter remaining within a pump oil can destroy a pump, even though
the oil itself may be in fine condition. Fortunately, PFPE oils can be purified
(reclaimed), which dramatically decreases the high initial costs of these fluids.
Therefore, proper changing schedules, using fresh oil, do not necessarily mean a
tremendous increase in cost beyond your original investment.

7.3.9 Storing Mechanical Pumps

If a mechanical pump is going to be unused for any length of time, the pump oil
should be changed before storage. Although a small concentration of contami-
nants are not likely to affect a pump over a short period of time, damage can occur
with prolonged exposure. By removing the old oil, any potential contaminants are

* The acronym "CFC" stands for all chlorofluorocarbons, including those that are specifically harm-
ful to the environment and those that are considered benign.
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removed and will not be capable of damaging the pump interior. If the pump will
be disconnected from a vacuum system, the inlet and exhaust tubes should be
plugged with neoprene stoppers (typically colored green, see Sec. 1.3.2). Natural
rubber stoppers are more likely to disintegrate, and a cork may crumble, allowing
particulate materials into the pump, which could damage it once it is restarted.

7.3.10 The Limitations of Mechanical Pumps and the
Demands of High-Vacuum Pumps

At 10"3 torr, mechanical pumps have effectively remove =99.99% of the air from a
vacuum system. The last 0.01% is a combination of outgassing (mostly water
vapor) and leaking. Considerable water vapor clings tenaciously to the walls of a
vacuum system and is removed slowly. Hablanian20 describes a specially
designed vacuum system that is specially baked and trapped and is capable of
achieving inlet pressures of =10"8 torr with a mechanical pump. In a test designed
to investigate more practical approaches to "getting the most out of a mechanical
pump on a glass vacuum system, Strattman tried a Micromaze trap from the
Kurt J. Lesker Co. Once the trap had been effectively baked, he was routinely able
to achieve pressures of 10"5 torr. (There is greater discussion of Strattman's work
later on.)

Selection of pump size is typically based on the speed that the pump can move
gas. A small mechanical pump has pumping speeds ranging from about 0.03 to
0.33 liters/sec,* whereas a medium pump's speeds range from about 11.7 to 25
liters/sec. Large mechanical pumps have speeds ranging from about 50 to 83
liters/sec. Regardless of pumping speed, the ultimate pumping capability of small,
medium, and large mechanical pumps ranges from 10"2 to 10"4 torr. It is important
to remember that can a bigger pump does not necessarily mean better pumping—
it does mean faster pumping. Consider also that pumping speed is not constant as
the pressure drops. Two-stage pumps can provide faster pumping at similar lower
pressures than single-stage pumps. Regardless, when either pump has reached its
ultimate vacuum, pumping speed goes down to zero.

If you have a large-volume system or if your system creates large quantities of
gas, you need a larger pump. However, don't get a big pump and expect a greater
vacuum. What you can get with a bigger pump is the ability to achieve the same
level of vacuum in a faster time.

In vacuum company catalogues, one might see claims of their pumps total pres-
sure and partial pressure capabilities. The partial pressure listing typically shows
a better vacuum capacity than the total pressure because it is excluding condens-
able gases (thereby being a "partial" sample of the whole "total" pressure). For
standard use, consider the listed ranges of the total pressure. It is unlikely (espe-

* The speed ranges indicated here are based on different pumps, not ranges of efficiency of one
pump. That is, a small, small pump's speed is about 1.5 liters/m, but a big, small pump's speed is
about 20 liters/m.
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cially in a glass vacuum system) that you will be able to exclude condensable
gases.

As stated, a medium mechanical pump can only have speeds of 11.7-25 liters/
sec. However, a comparable-sized diffusion pump can achieve speeds of up to 30
liters/sec, but with 2-3 times the vacuum capacity. It is easy to see why the assis-
tance of an auxiliary pump is required to effectively obtain vacuums beyond 10~4

torr, such as those in the high or even ultrahigh-vacuum range. Although it is pos-
sible to obtain larger and faster mechanical pumps, the cost/efficiency ratio starts
to go down and it becomes less expensive to use a mechanical/diffusion pump
combination. For more information on pumping speeds, see page 347.

Cryogenic and turbo pumps are known for their cleanliness and effectiveness.
However, these pumping systems are very expensive and require significant train-
ing for proper operation. The most common auxiliary pump used in the laboratory
is the diffusion (or vapor) pump.

7.3.11 Ultra-High Vacuum Levels Without Ultra-High
Vacuum Pumps

As stated, one of the reasons for using a vacuum is to remove oxygen from a sys-
tem so that air-sensitive compounds will not react. If that is your primary concern
and you do not need to use cryogenic transfer for movement of compounds within
the vacuum line, there may not be a need to equip your lab with an ultrahigh-vac-
uum system.

Most commonly known as a Schlenk line (see Fig. 7.19), this vacuum line/appa-
ratus allows easy evacuation and purging of Schlenk items (see Fig. 7.20). The
concept for Schlenk procedures is very simple: One simply evacuates an item con-
nected by a thick-walled tube to the bottom of the three way stopcock. Then by

Nitrogen inlet Vacuum line

°Th
Vent (for

removing trap
bottom)

Fig. 7.19 Standard Schlenk line.

Pennyhead
stoppers

I X-section view
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Fig. 7.20 Some Schlenk apparatus items.

simply rotating the stopcock 180°, it can be refilled with dry nitrogen. Using sev-
eral more repetitions of this evacuate and purge procedure, oxygen concentrations
can be brought to relatively low levels.

Assuming there are no leaks, the remaining portion of atmospheric gases can be
shown to be22

Af = f (7.12)

where Af is the fraction of gases remaining after evacuation

n is the number of evacuate and purge repetitions

To demonstrate the value of this system, suppose you have a mechanical pump
who's general lower range is 2 torr (in an acceptable pumping time period*). By
the third evacuation and purging, the amount of residual air is 2 x (2/760)

2, or about
10"5 torr.23

I strongly encourage anyone seeking more information on Schlenk lines and
other oxygen sensitive chemistry to examine The Manipulation of Air-sensitive
Compounds by D.F. Shriver and M.A. Drezdzon (Wiley-Interscience, © 1986).

7.3.12 Diffusion Pumps

A diffusion pump (also called a vapor pump) has no moving parts, yet is consid-
ered a "fast" pump. By itself, the diffusion pump cannot move gases from one
place to another. However, under specific conditions, it can compress gases to a
specific region within itself. Used in tandem with an auxiliary pump (such as a
mechanical pump), these compressed gases can be expelled out of the system.

* That is, prolonged evacuation could create a better vacuum, but, as is shown, the prolonged pump-
ing isn't time-effective.
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Interestingly, it is the same auxiliary pump that removes these compressed gases
that creates the specific conditions for the diffusion pump to work.

The basic principle of a diffusion pump can be explained with a simple single-
stage mercury diffusion pump (see Fig. 7.21). On the system side of the pump (at
about 10~2 to 10~3 torr, or better), gas molecules wander around, limited by their
mean free path and collisions with other molecules. The lowest section of this dif-
fusion pump is an electric heater that brings the diffusion pump liquid up to its
vapor pressure temperature.* The vapors of the diffusion pump liquid are vented
up a central chimney where, at the top, they are expelled out of vapor jets at super-
sonic speeds (up to 1000 ft/sec). Below these jets is a constant rain of the pumping
fluid (mercury or low vapor-pressure oil) on the gases within the vacuum system.
Using momentum transfer/ gas molecules are physically knocked to the bottom
of the pump, where they are trapped by the vapor jets from above. Finally, they
are collected in a sufficient quantity to be drawn out by the auxiliary (mechanical)
pump.

The upper pressure range for a diffusion pump to operate is limited by the vapor
pressure of the heated oil (or mercury) at the jets. Unless the second pump can
achieve this pressure (assisted by the decreased pressure within the system), the
diffusion pump will not operate.

Pumping speed within a diffusion pump is proportional to the area being
pumped. When diffusion pump vapors are traveling their fastest, they can make
the pump pump faster. Unfortunately at these greater speeds, they have the least
compression ratio, which means that the collected gases may not have sufficient
pressure to be drawn out by the fore pump. By shaping the insides of the diffusion
pump accordingly (i.e., a larger space around the first stage and succeedingly less
annular space around subsequent stages) engineers can manipulate the vapors of
the pump to get the best of both worlds. The design for a typical metal three-stage
pump can be adapted to glass as seen in the unique Wheeler pump in Fig. 7.23.
The more commonly seen "old style multistage glass diffusion pump" can be seen
in the pumps shown in Fig. 7.22.

The diffusion pump in Fig. 7.21 has only one jet.* By definition, this design
would be called a single-stage pump. Metal diffusion pumps can have from one to
six stages, whereas glass diffusion pumps can have one to three stages. Pumps
with several stages allow each stage to be aided by the work of the preceding
stage. The first stage (at the inlet of the pump) can offer a high pumping speed
(but by design cannot have a high compression ratio). Because the gas flow is con-
stant, the next stage does not require the pumping speed that the first was capable
of achieving and can therefore provide a higher compression ratio. This process

Relative to the pressure within the system.
+ Momentum transfer is possible because momentum = (mass) x (velocity), and the velocity of the
diffusion pump fluid (when it leaves the pump jets) is typically at supersonic speeds. Thus, it is easy
for the diffusion pump liquid to knock around any size molecule.
* For comparison, the diffusion pump in Fig. 7.23 is a three-stage pump.
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Fig. 7.21 A mercury diffusion pump.

In a mercury diffusion pump,
the mercury is heated to the
point of vaporization. This
vapor travels up into the
condenser area where it is
ejected at supersonic speeds
from little holes. The vapor
knocks any wandering gas
molecules down toward the
mechanical pump outlet
which can then expel them
from the system. The vapor
later condenses and collects
in the heating pot for reuse.

continues so that the lowest stage (which has the lowest pumping speed) provides
the highest compression ratio. This high compression allows the collected gases to
be at a sufficiently high pressure for removal by the fore pump.

Diffusion pumps can be made out of glass or metal. Metal diffusion pumps are
more durable, can be made to more exacting standards, and therefore can provide
a more consistent vacuum within each design. Metal diffusion pumps can be (rea-
sonably) easily removed from a vacuum line and be completely dismantled for
cleaning. They are designed to be attached to metal vacuum systems. To attach a
metal diffusion pump to a glass system, a glass to metal flange is required.

If ordering such a flange, be careful that you order a glass that is compatible
with the glass on your system. Most glass systems are made out of Corning (Pyrex
[7740]), Kimble (Kimex [KG-33]), or Schott (Duran [8330]) glass. A glass-to-
metal flange using any one of these glass types is compatible to any other. The
metal of the flange may be stainless steel (machined to receive any of the three
above-mentioned glasses), or Kovar®, which is an iron, nickel, and cobalt alloy.
The glass sealed to this alloy will be either Corning 7052, Kimble K-650, or
Schott 8250 glass. Like the earlier triad, these three types of glass are compatible
with each other, but none of these three can successfully be sealed to the former
three glasses. If, for example you attached the Corning 7052 to 7740, the seal
would crack due to the difference in coefficient of expansion between the two.
There must be a third glass (forming a graded seal) between the borosilicate glass
and the glass fused to the Kovar.

When purchasing a glass to metal flange, the catalogue will identify the type of
glass attached to the metal. It will be either one of the former three glasses (imply-
ing a graded seal has already been made) or one of the latter three (necessitating
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some attachment decisions). Therefore, be sure you know what type of glass you
need before ordering a glass-to-metal flange.

For years, glass diffusion pumps provided (relatively) easy attachment to a glass
vacuum system (but rather difficult removal), are mostly free from attack by cor-
rosive substances, provide easy observation of the materials inside the pump, and
can be cleaned (with some difficulty).

Figure 7.22 displays three different traditional designs of glass diffusion pumps
(that use low-vapor-pressure oil). These three designs demonstrate the addition of
stages. They are also among the most commonly seen diffusion pump designs.
Although the three pumps shown are all air-cooled, it is possible to obtain most
small diffusion pumps as air- or water-cooled. The advantage of an air-cooled dif-
fusion pump is that there is no water hose connection to slip off the pump and no
overheating occurs if the building water is shut off without warning. However, in a
warm, nonventilated room, air-cooled diffusion pumps can lose their efficiency.
Water-cooled pumps work efficiently regardless of room conditions.

The data in Table 7.8 show that the addition of stages dramatically increases the
speed of a pump while only moderately affecting the net vacuum potential.24

However, the speeds listed were determined in 1965 and were ostensibly derived
from a vacuum gauge placed at the inlet end of the pump. For one thing, this loca-
tion provides the best potential vacuum that can be expected from any system and
is not likely to represent what would be found on any vacuum system. However,
more significantly, new research initiated by Strattman (and performed at
Varian) has created a significant controversy on the merits of the single-stage
glass diffusion pump of the design shown at the top of Fig. 7.22. Varian found that
this design had no pumping capabilities whatsoever because it had a pumping
speed of essentially zero. With that in mind, all the other speeds presented in
Table 7.8 are suspect.

Strattman quotes Hablanian, stating that this single-stage pump design was cre-
ated by Gaede in 1915 and later shown to be inefficient by Donouyer in 1922. A
more viable design was created by Langmuir in 1928 by implementing jets into
the design. Although popular (probably by its simplicity in design), it is at best
assisting the mechanical pump by limiting backflow of mechanical pump oil
vapors. A diffusion pump requires a boiler that can obtain a pressure of at least 1
torr and a jet to accelerate the vapors. If this pump had a jet arrangement added, it
could theoretically obtain a pump speed of approximately 1 liter/m.

On the other hand, Snyder, using a different independent testing lab, came up
with results comparable to the results presented in Table 7.8. There are a variety
of possible explanations for this, including measuring different parameters, one
pump design is better than the other, improper fluids, or improper pump instilla-
tion. It appears that despite the simplicity of design, more analysis needs to be
done to fully appreciate the value (or lack thereof) of the single-stage glass diffu-
sion pump.

One of the problems in analyzing the speeds of any glass diffusion pump is the
fact that all diffusion pump construction is handmade by a glassblower. There is
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Fig. 7.22 Various forms of glass diffusion pumps. The potential speeds and
ranges of glass diffusion pumps are shown in Table 7.8. From Journal of Chemi-
cal Education, 42, pp.A445-A459. (1965), reproduced with permission.

Table 7.8 Glass Diffusion Pump Capabilities" b

Pumping Stages

1

2

3

Speed (I/sec)

8

26

29

Range (torr)

2xl0"3->-5xl0-6

2x l0 - 3 ->8x l0" 7

10'3-• 8 x 108

" For more information on the speed of single-stage diffusion pumps, see page 368.
b From Journal of Chemical Education, 42, pp.A445-A459. (1965), reproduced with permis-

no question that the vast majority of diffusion pumps one may purchase are of
excellent quality. It is also true that construction can vary from one pump to
another by the same glassblower and can vary considerably from glassblower to
glassblower. Intentional alterations such as a design tweak here, an alteration
there can subtly or significantly affect the potential quality of the pump. Likewise,
unintentional shape alterations can equally affect the potential of a glass diffusion
pump.
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A newly designed glass diffusion pump by Michael Wheeler*27 has eliminated
most of the problems of the classic glass diffusion pump design while consider-
ably improving the pumping capacity. The pump (see Fig. 7.23) was a direct copy
of a metal three-stage pump, and was intended to assist teaching the operation of
the metal pump. Remarkably, the pump performed better than the metal pump it
was copied from. Aside from speed (the operational pumping speed of this pump
was determined to be an impressive 188 liters/s), the pump provides easy attach-
ment and removal from a vacuum system, easy to remove internal components for
cleaning,1 and external heating via a heating mantle. This latter point is important
because it eliminates the through-glass electrodes of the classic design that are
easily susceptible to breakage. Consistency of pump manufacturing is enhanced
by the pump's design plans that Wheeler provides to anyone who wants them.
Quality of manufacturing is still dependent upon the quality of the glassblower.

7.3.13 Attaching a Diffusion Pump to a Vacuum Sys-
tem
As previously mentioned, a diffusion pump works in tandem with a mechanical
pump. The simplified alignment of such a system should be considered: vacuum
line, diffusion pump, mechanical pump. However, in reality, the setup is a bit
more complex.

1. A trap (i.e., a liquid nitrogen trap) must be placed at the inlet (system)
side of a vacuum line to trap any vapors coming from the line as well as
any lighter fractions of the diffusion pump fluid (see Sec. 7.4 on traps
for the proper alignment and use of traps on a vacuum system).

2. The tubing between the vacuum system and diffusion pump must have
as few restrictions (in size and shape) as possible. Glass or rotary stop-
cocks with bores from 12 to 15 mm minimum (on the system side of the
diffusion pump) will help to ensure minimum hold-up. In addition, tub-
ing in these areas should be as straight (unkinked, with few bends) as
possible.

3. Because the pressure on the fore side of the diffusion pump is consider-
ably higher than the pressure on the system side, large-bore stopcocks
are not necessary and a stopcock with a bore of 8 to 10 mm is sufficient.

4. Oils used in mechanical pumps have significantly higher vapor pressures
than the oils used within diffusion pumps. Therefore, it is important to
prevent backstreaming of mechanical pump oils into the diffusion
pump. This barrier can be done either with liquid nitrogen cold traps,
molecular sieves, water-cooled thimbles, or chevron baffles.

University of Arizona, Department of Chemistry.
+ Because glass is less susceptible to chemical attack than metals, it may be desirable to use glass
components whenever possible.
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5. A vacuum system needs to achieve a sufficiently low pressure before the
diffusion pump can begin operation. A mechanical pump that works in
tandem with a diffusion pump is called a fore pump. Fore pumps must
be capable of achieving =10"2-10~4 torr and have sufficient speed to
effectively work with a diffusion pump.

Most mechanical pumps with sufficient speed and ability are two-
stage pumps. However, it is not good to run a two-stage mechani-
cal pump for an extended period of time without pulling on a
load. Therefore, a fairly large system that would require running a
mechanical pump for over 5-10 minutes before a =l-torr vacuum
was achieved should include a smaller roughing pump. Once the
vacuum has been "roughed" down, the fore pump can be started
to bring the vacuum line to a low enough pressure to start the dif-
fusion pump.

Fortunately, vacuum systems in most laboratories are small enough
that the fore pump can double as the roughing pump with no
problems.* For the few times that one needs to go from atmo-
spheric to vacuum conditions, all that is necessary is to close off

To system

To mechanical

vacuum pump

Fig. 7.23 Wheeler diffusion pump design.

* Operations that require you to cycle your vacuum line back and forth from atmospheric to low
pressure can put significant strain on the fore pump and its oil, so a roughing pump should again be
considered.
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the line to the diffusion pump and open the line to the roughing
pump. Then, once the pressure is within the range at which the
diffusion pump can operate, close the valve to the roughing pump
and open the line to the diffusion pump.

A glass vacuum system requires a glassblower to assemble and fuse the various
sections together (if you have not had any experience working with glass, do not
start to learn on a vacuum system). This technique provides the best approach to
assembly because it provides a solid, leak-tight seal between all parts. The main
problem with this permanent form of connection is that if you ever need to dis-
mantle the items for any reason, you again need the services of a glassblower. In
addition, you should be forewarned that glass can be worked only so many times
by a glassblower, after which it begins to devitrify easily (phase separation) and
lose its strength and chemical durability. The attachment and disassembly of any
glass apparatus should be only used in case of strong need, not as regular lab prac-
tice.

The second best method of attachment is with O-ring seals. These seals can pro-
vide an easy method of attachment and disassembly. Regrettably, O-rings can leak
if the alignment between the two members is not perfect. In addition, some O-ring
elastomers may decompose if left in contact with diffusion pump fluids for an
extended time.

The third form of attachment is with some type of ground joint. It would be
wonderful if this attachment could be made with a full-length standard taper joint
(see Sec. 3.1.1), but alignment of several joints that allow for easy assembly and
disassembly of several parts is seldom possible. Ball-and-socket joints would
seem like an alternative, but they are not really acceptable for high-vacuum work
and should not be considered. The use of ball-and-socket joints is not really
impossible, but because their reliability is always in doubt, the use of these joints
for vacuum line assembly should never be your first choice.

7.3.14 How to Use a Diffusion Pump

In the stylized drawing of Fig. 7.24, you see the layout of a vacuum line, traps,
roughing pump, fore pump, diffusion pump, and related stopcocks (because this
drawing is stylized, it's not intended to look exactly like your vacuum system).
First find the parts on your line that are represented by the parts in Fig. 7.24. If not
every item shown is on your line, determine which parts your line and this draw-
ing have in common, and proceed accordingly. The following general guidelines
should be followed when using a vacuum system with a diffusion pump (see
Table 7.8 for diagnostic checks and corrections of diffusion pump problems):

1. The system must be in a vacuum state before the diffusion pump can
work.

2. Let the mechanical pumps evacuate the traps before they are placed in
liquid nitrogen to prevent freezing oxygen within the traps.
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Roughing pump
(if needed)

Stopcock 2
Stopcock 5

Stopcock 6

The Vacuum Line

C

X

Stopcock 7

Stopcock 4

Fig. 7.24 The arrangement of stopcocks and traps for a vacuum line with a diffu-
sion pump.

3. The diffusion pump should be bypassed in the early stages of the sys-
tem's pump-down, the cooling water for the diffusion pump must be
turned on early, and the diffusion pump must be in a vacuum before the
diffusion pump heaters are turned on. If your air-cooled diffusion pump
has a fan, turn it on now. Some diffusion pumps are wired so that turn-
ing on the heater also turns on the cooling fans. If you have this setup,
verify that the fan is working when the heater is turned on. Be sure that
the diffusion pump is open to a pump before turning on the heater. Oth-
erwise the heated pump oil's expansion could cause the diffusion pump
to explode.

If you are starting a glass diffusion pump for the first time and need
to adjust the heat (from a voltage regulator), first place the heat at
a very low (10%-20% of full) setting and let it stabilize (this pro-
cedure will also help to outgas the oil). Then, over the course of
time, increase the setting some 10 units at a time, letting the tem-
perature stabilize at each setting. When you see the "wet marks"
of vapor condensing on the horns inside the pump, the tempera-
ture is set. If the oil is furiously pumping away, the voltage regu-
lator is on too high and needs to be reduced. Once the temperature
is established, mark your voltage regulator for future reference. If
the pump is water-cooled, connect a relay to shut off power to the
pump in the event of a water pressure loss.
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Metal diffusion pumps require no adjustment because they are fac-
tory-set to provide the right temperature. The important thing is to
make sure they are filled with the proper amount of oil. After
attaching to a vacuum system, simply plug the outlet of the metal
diffusion pump into an appropriate (110-120 V or 220-240 V)
outlet. If the pump is water-cooled, connect a relay to shut off
power to the pump in the event of a water pressure loss.

4. When shutting down the system, isolate the diffusion pump and the sys-
tem from the mechanical pump(s). Vent the mechanical pump(s) after
shutting them off.

Aside from the generalized description above, the following procedures should
be used for operating a large vacuum system with a diffusion pump. If you are
beginning a pump-down operation, proceed as follows:

1. Check to make sure all stopcocks are closed.

2. Turn on the roughing and fore pumps.

3. Open Stopcock 1, 4, and 7.

4. After pressure in the vacuum line is 10"1 torr or better, close Stopcock 1

and open Stopcock 2.

5. Place Dewars with liquid nitrogen under cold traps.

6. Be sure cooling water is running in (or that the fan is blowing) the diffu-
sion pump and turn the diffusion pump's heater on.

7. After pressure in the vacuum line is 10'2 to 10~3 torr or better, close Stop-
cock 2 and open Stopcock 3.

Notice that once the mechanical pumping was transferred over to the forepump,
the roughing pump was not turned off. Let the roughing pump run, because there
may be ancillary parts of a vacuum system (such as the drawing of mercury back
into a McLeod gauge) that are operated from the vacuum of the roughing pump.
In addition, the roughing pump typically receives the bulk of the water vapor and
other condensable vapors. Letting the pump run (against a load) helps to remove
the condensed vapors from the pump oil. If the pump has a ballast, leave it open.
Otherwise, be sure that nothing else on the vacuum line requires the use of the
roughing pump before it is turned off.

If the line you are working with is small and does not require a roughing pump,
proceed as follows:

1. Check to make sure that all stopcocks are closed.

2. Turn on the fore pump.

3. Open Stopcock 2, 4, and 7.

4. Place Dewars with liquid nitrogen under cold traps.
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Be sure the cooling water is running in the diffusion pump and turn the
diffusion pump's heater on.

After pressure in the vacuum line is 10"1 torr or better, close Stopcock 2
and open Stopcock 3.

Table 7.8 Diffusion Pump Fault Diagnosis and Correction"

Fault

Poor ultimate
pressure

Low speed (extra
long pumping
time)

Inlet pressure
surges

High chamber
oil contamina-
tion

Probable Cause

Leak in system, virtual or real

System dirty

Contaminated pump fluid

Low heat input

Insufficient cooling water

High pressure between the diffu-
sion pump and the mechanical
pump.

Low heat input

Low fluid level

Malfunctioning pump assembly,
improperly located jets, damaged
jet system

Heater might be too high

Trap has trapped material too close
to top of liquid nitrogen level

Fluid outgassing

Leak in system ahead of pump inlet

Virtual leak in system

High pressure between the diffu-
sion pump and the mechanical
pump

Prolonged operation above 10"4 torr
without adequate trapping

Incorrect system operation and air-
release procedures

Correction

Locate, rectify, or repair.

Clean system.

Verify and replace.

Check heater voltage, check for continuity
of elements, burned-out elements, or poor
electrical or thermal contact.

Check water valve, water pressure, check
tubing for kinks and/or obstructions and
back pressure.

Check for leaks between mechanical
pump and diffusion pump, check mechan-
ical pump performance, breakdown, and/
or pump fluid.

Check heater.

Check and top off fluid, if necessary.

If metal system, check and rectify; if glass
system; check for paniculate material. If
necessary, empty the fluid, clean the
pump, and replace with new fluid.

Verify and reduce heat.

When starting system, do not fill Dewars
to top until the system has settled.

Allow fluid time to outgas

Verify and repair.

Verify and correct.

Check for leak in foreline, poor mechani-
cal pump performance, breakdown of
pump fluid.

Review procedures for starting vacuum
system and use of traps.

Review procedures for starting vacuum
system.

" From N.S. Harris, "Practical Aspects of Constructing, Operating and Maintaining Rotary Vane
28\and Diffusion-Pumped Systems," Vacuum,\ol. 31, Pergamon Press, Elmsford, NY, 1981 (ref. )

reproduced with permission.
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To turn off a vacuum line with a diffusion pump, do the following:
1. Close Stopcocks 2, 3, 4, and 7. Although there are none displayed in

Fig. 7.24, any stopcocks that go to vacuum gauges or other peripheral
equipment should also be closed.

2. Turn off the heater to the diffusion pump, do not turn off the cooling
water or fan until the pump has been off for at least an hour, or is cool to
the touch.

If the line you are working with has a roughing pump, and you have a reason to
shut of this pump,* the shut down procedure is as follows:

1. After shutting off the roughing and fore pumps, open Stopcocks 5 and 6
to vent the pumps (this action prevents the mechanical pump oil from
accidentally being sucked into the vacuum line).

2. If there is material in the cold trap near the vacuum line that needs to be
removed, open Stopcock 1 to vent the trap. Then remove the trap so that
it may defrost in a fume hood. It is unlikely that the cold trap near the
fore pump will need to be removed for cleaning.

If the line you are working with does not have a roughing pump, the shut-down
procedure is as follows:

1. After shutting off the fore pump, open stopcock #5 to vent the pump
(this prevents the mechanical pump oil from accidentally being sucked
into the vacuum line).

2. If there is material in the cold trap near the vacuum line that needs to be
removed, open Stopcock 2 to vent the trap. Then remove the trap so that
it may defrost in a fume hood. It is unlikely that the cold trap near the
fore pump will need to be removed for cleaning.

Until you need the vacuum that can be achieved with a diffusion pump, the
water content on the walls of a vacuum system is mostly irrelevant. However,
once you need to achieve 10~5 torr and beyond, the presence of water adsorbed
into the vacuum system's surface will slow down, and even prevent, achieving
greater vacuums. Because of this idiosyncrasy, when first trying to bring a vac-
uum system down to 10"6 torr, you may need to pump on the system from a half
day to an entire day before you have removed enough water to obtain 10'5 torr.
Even with auxiliary pumps, water vapor is difficult to remove. The most effective
way to remove it is to heat the entire vacuum system and drive the water off the
system walls. This approach cannot effectively be done to glass vacuum systems
because of damage to stopcocks, valves, and glass connections, although localized
heating (with a heat gun) can be directed on glass with limited success. (Do not let
a hot air gun sit on any given area of the vacuum line because it can potentially
cause the line to suck in at that point.)

* There is nothing wrong with letting mechanical pumps run continuously. If no work is going to be
performed for an extended period of time, it is acceptable to shut the pump off.
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Once you have successfully removed the bulk of water from the walls of the
vacuum system, do not allow it to return. One easy and effective demonstration of
the effect of water on vacuum is to pump a vacuum system down to some estab-
lished level after it has been vented with atmosphere. Then, vent the system, fill-
ing it with dry nitrogen or argon back to atmospheric pressure. Now, repump the
system back to the same vacuum as before. It should take about one-tenth the
time.29 This example demonstrates why the ability to bake out a vacuum system
improves the pumping speed by speeding up the removal (outgassing) of water
vapor from the system's walls. It also demonstrates that once a vacuum system
has been successfully pumped down, you do not want to re-expose it to the atmo-
sphere. If you need to expose sections of your vacuum system to the atmosphere
(for example, traps or mechanical pumps), section off these parts with valves and
stopcocks so that the rest of the system can remain in a dry vacuum state.

IMPORTANT: The diffusion pump works with heat (sometimes), water,
and electricity. Be sure that: (1) your water connections to the condenser on
the pump and their plumbing attachments are secure and the hoses show no
signs of cracking, folding, or tearing; (2) the electrical connections are
located in a position where they cannot be accidentally touched; and (3) there
is nothing combustible (that could be set off with a spark) in the area where
you are working.

7.3.15 Diffusion Pump Limitations
Because of design, setup, and/or operation, there are four factors that can affect
the ultimate pressure of a diffusion pump30-

1. Back diffusion of the pumped gas against the vapor stream

2. Saturation vapor pressure of the pump fluid or of decomposition prod-
ucts

3. Evolution of gas from the pump components

4. Dissolved gases in the pump fluid being released when heated

Back diffusion is when the pressures at the outlet and inlet have established a
constant ratio and are analogous to the compression ratio found in mechanical
pumps. Back diffusion is the lowest for light gases (hydrogen, helium) and
increases markedly for heavier gases (nitrogen). Although it is possible to design
pumps that can take advantage of these factors, there is nothing that the user can
do about them, and the effects are at most minimal in only the ultrahigh-vacuum
range.

Saturation vapor pressure can be caused by either back streaming or back
migration. Although diffusion pump oils have low vapor pressures (1O"5-1O~8

torr), in use they break down* into multiple vapor pressures. The resulting higher

* The breakdown of diffusion pump oils can be accelerated by exposing hot mineral oil to the atmo-
sphere.
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vapor pressure oils may backstream into the system, while the rest of the oil
remains in the pump. Some of the low vapor pressure fractions may turn into a
sludge. In a poorly designed or operated system, a considerable amount of higher
vapor pressure oil may leave the diffusion pump and drift into the system or be
drawn out by the mechanical pump. This loss of the oil from the pump can be a
significant problem. The effects of this loss might not seem all that important, but
if the loss is great enough to begin exposing heating elements, then other, more
significant damage can occur. By including baffling and/or traps, this loss is
greatly minimized. Unfortunately, the more effective the baffling, the more the
pump slows down. Some baffling can decrease pumping speed by up to 50%
(which is why some of the stated pump speeds can be irrelevant).

Back migration can also be caused by improper cooling around the orifice of the
pump. With this problem, pump oil that had condensed begins to re-evaporate.
This problem is more significant with ultrahigh-vacuum systems.

Evolution of gas (outgassed) from pump parts or attachments during use will
decrease pumping potential. Any outgassing beyond general water vapor or high
vapor pressure oil components is generally of greater concern to ultrahigh-vac-
uum systems. However, you need to be conscious of the types of materials you are
placing on high-vacuum systems. For example, some stopcock greases are ade-
quate for student quality labs, but will fail tremendously in high-vacuum systems.
In addition, connections in high-vacuum systems need to be solid and permanent.
Flexible elastomer tubing and epoxies cannot sufficiently seal against leaks, nor
can their high outgassing rates be contained by typical pumping systems.

Factors 1 and 3 from the previous list are of greater concern to systems that are
trying to obtain ultrahigh-vacuum conditions. Factors 2 and 4 can affect attempts
of high- and ultrahigh-vacuum demands. The gases dissolved within pump oil
from contamination during condensation and later released when pump oil is
reheated is the easiest of these four problems to prevent and the hardest to elimi-
nate once established. To prevent contaminants from entering a pump or to pre-
vent the pump from contaminating the system, the placement of effective traps
between the system and the pumps cannot be ignored.

7.3.16 Diffusion Pump Oils
The six major categories of diffusion pump fluids are explained in Table 7.9
(based on information from Laurenson ). Diffusion pump oils, like mechanical
pump oils, need to be protected to maintain their properties. Sudden exposure to
the atmosphere can destroy hot hydrocarbon pump oils (or even cause them to
flash or explode) and damage others oils. Silicone oils, on the other hand, can eas-
ily survive contact with oxygen while hot, but their vapors can damage electronic
equipment. Occasionally, undesirable vapors can speed the disintegration process
of diffusion pump oils.

When operating in peak condition, a perfect diffusion pump oil should:
1. Be thermally stable
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2. Be chemically inert

3. Exhibit a low vapor pressure over a wide temperature range

4. Trap vapors and particulate matter from the vacuum system

5. Be compatible (and not interfere) with, and protective of, the environ-
ment

6. Be nontoxic

This list differs from mechanical pump oil requirements primarily in the exclu-
sion of lubricity demands. Because there are no moving parts in a diffusion pump,
there are no lubricating requirements whatsoever (within some metal diffusion
pumps there may be some rust prevention requirements under certain environ-
ments).

Of the six diffusion pump oil types, none has all of the above properties. In gen-
eral, lighter oils pump faster than heavier oils, but heavier oils can achieve lower
ultimate pressure. When your work demands varying pump oil requirements, it
sometimes is easier to have separate vacuum systems than to simply change pump
oils because the pump oils are seldom compatible, and mixing may impair poten-
tial peak performance.

To change a diffusion pump fluid requires the complete removal and cleanup of
all previous fluid before adding a new, different oil. Before adding a new oil, be
sure the type of oil (or mercury) that you wish to use will work in the pump that
you have. Some oils require specific tolerances or pump designs for optimum per-
formance. One example (in the extreme) is the use of mercury in an oil pump or
vise versa. Mercury may work in some types of pumps, but the performance will
not be very good. Oil, on the other hand, will not work in any mercury diffusion
pump design.

The decision to use mercury- or oil-based diffusion pump fluid may be aca-
demic to those living in areas where mercury use is banned, but for others, such
decisions are beyond idle curiosity. Mercury does not break down on contact with
air when hot (although it may oxidize somewhat), it will not react with most com-
pounds, and gases do not dissolve within mercury to the same degree as they do
with oils. On the other hand, mercury can affect and/or damage electrical compo-
nents in a vacuum system such as thermocouples (see page 422). In addition, mer-
cury is a health hazard and once mercury has spilled on the floor, the only way to
truly remove mercury (it is said) is to burn the building down.

Silicon oils do not break down on contact with air while hot, but on the other
hand they can polymerize and develop an insulating film on electronics. Thus,
their use is not acceptable for instruments such as mass spectrometers (including
He leak detectors). Some specific properties of a spectrum of diffusion pump flu-
ids are shown in Table 7.9.

* Mercury amalgamates with a few metals such as gold and aluminum, so attention must be paid to
metal part selection for use on vacuum systems.
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Table 7.9 Diffusion Pump Fluid Types

Diffusion Pump
Fluid

(vapor pressure

in torr)a

Mercury

(- lO"3)

Mineral Oils

(5x l ( r 5 -10 ' 8 )

Silicone Fluids

(10"6-10-9)

Polyphenyl ether
(Santovac 5)
« lO'9)

Perfluoro polyethers
(Fomblin)
(Krytox®)
(3 x lO"8)

Miscellaneous fluids
(esters)
(ethers)
(sebacates)
(phthalates)
(naphthalenes)
(10- 6 -5xl0 ' 9 )

Good Characteristics

Does not break down at high tem-
peratures or in oxidizing environ-
ments.

Very economical, can safely be
used in mass spectrometers.

Are thermally stable and are resis-
tant to oxidation and reasonably
resistant to chemical attack. Are
also reasonably priced.

Thermally stable, good oxidation
resistance. Forms conducting
polymers under energetic particle
bombardment. Good for mass
spec, and ultra-high vacuum.

If exposed to too much heat,
decomposes to a gas rather than
breaking down. Is resistant to oxi-
dation and chemically resistant
with few exceptions. No polymers
are formed under energetic parti-
cle bombardment. Can be regen-
erated for reuse.

Generally good thermal and oxida-
tion resistance, resistant to most
chemicals (depending on fluid
used). Usually conducting poly-
mers formed under energetic par-
ticle bombardment. Generally low
in costs.

Poor Characteristics

Cannot be used in systems of electrical
processing (i.e., silicon chip pro-
cessing). If not properly trapped
and vented, mercury can be a signif-
icant health hazard.

If exposed to the atmosphere while
hot, can oxidize quickly. Can easily
be broken down by heat. Tend to
form conducting polymers.

Form insulating polymeric layer when
irradiated by electrons, so they can-
not be used where physical elec-
tronic equipment is being pumped,
such as in helium leak detectors.

Not very chemically resistant. Rela-
tively high cost.

Provides somewhat lower pumping
speeds than other oils. High initial
cost. Above 300 - 35O°C, breaks
down into aggressive and toxic
compounds. To effectively remove
it, chlorofluorocarbons must be
used.

(Watch out for exceptions to the
"Good" list.)

"Depending on the temperature, grade, and type used.

7.3.17 Diffusion Pump Maintenance

Because there are no moving parts within a diffusion pump, there are no parts to
wear out. However, as the need for higher vacuums increases, so is the need for a
greater regard to cleanliness. This need is important for the pumps, pump oils, and
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the entire system. Not only does the vacuum potential go down as dirt piles up,
but so does pumping speed.

The most common problem with hydrocarbon diffusion pump oil is its fraction-
ation into multivapor pressure components. As pump oil breaks down, it develops
both lower and higher vapor-pressure characteristics. Oils with high vapor pres-
sures can potentially drift into the system, although they are more likely to be
effectively removed from the system by being trapped in the alembics of the cen-
tral vertical tube, in the cold trap between the system and the diffusion pump, or in
the cold trap between the diffusion pump and the mechanical pump. If not
trapped, they are free to travel into the vacuum line itself or into the mechanical
pump. Diffusion pump oils that collect in a mechanical pump are not likely to
have any significant performance effects (as opposed to the degrading effects of
mechanical pump oil collected in diffusion pumps).

In two- and three-stage glass pumps, a special distillation pot is added onto the
end to separate fractionated oil (this doesn't apply to the Wheeler pump design).
The three (or four) pots on two- and three-stage glass diffusion pumps are all
wired in series. The first, and largest, stage of the pump has the longest resistance
heating wire and therefore the greatest amount of heat. The last (and smallest) dis-
tillation pot has the shortest wire and therefore provides the least amount of heat.
As in the single-stage pump, low-boiling oils (those with a high vapor pressure)
are trapped in the alembics above the first stage. Each successive stage allows oils
with higher boiling points to pass through connecting tubes toward the distillation
pot. The lower heat of the distillation pot is not hot enough to significantly heat
the oil, leaving heavy tarry oils remaining.

Before cleaning any diffusion pump, it is important to remove and/or unplug
any electrical leads. Water should be turned off and removed if necessary. If tub-
ing needs to be replaced, it is always best to cut off rubber or plastic tubing with a
razor blade and replace it, rather than to try and pull the tubing off a hose connec-
tion.

To clean a metal diffusion pump, it must be removed from the rest of the sys-
tem. Pour the used oil (or mercury) into a proper receptacle. Do not throw the
mercury away because it is a toxic waste (a heavy metal). Fortunately, mercury
may be reclaimed and reused. As far as diffusion pump oils, check with the health
and safety and/or environmental officer in your institution and/or the waste dis-
posal management of your city. Be sure to mention any hazardous materials that
may have been absorbed by the pump oil during its operation to the proper author-
ities.

Because it is not recommended to repeatedly remove a glass diffusion pump
that has been fused onto a vacuum system, an alternative approach is available to
remove the oil. On the bottom of all glass diffusion pumps should be a lone glass
tube that seems to do nothing. Its purpose is to drain the oil from the diffusion
pump without requiring pump separation from the system. First unplug the diffu-
sion pump from its electrical source, then, with a glass knife, scratch and snap off
the drainage tube at about half its length. Assuming that the pump was properly
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Using a glass knife,
cut off the draining

tube at half its length.

Fig. 7.25 How to drain the oil from a glass diffusion pump.

installed with a slight pitch toward the cleaning tube, all the oil should drain from
the opened tube (see Fig. 7.25). To remove any oil trapped in the alembics, a flex-
ible tube attached to a filter flask and a house vacuum can suck out the majority of
the oil. The rest of the oil can be flushed out with solvent or base bath if the oil is
silicon-based (see Sec. 4.1.7).

If you are removing a hydrocarbon oil, after the oil has sufficiently drained, use
a cotton swab to clean any oil filling the drain tube. If you wish, pour a solvent
through the pump to flush out the rest of the oil. You may want to temporarily plug
the open end of the drainage tube with a cork to let the oil soak in the solvent.
Because the sharp ends of the (recently cut) tube will prevent the cork from
obtaining a good seating, the broken end of the drainage tube should be fire-pol-
ished (see Sec. 8.2.3). Fire-polishing is likely to burn contamination into the glass,
so leave room to remove this burnt end before extending the length of the tube.
Now, pour solvents or a base bath into the pump to soak the internal parts for
about an hour or so.

If your pump used silicone oil and has left crusty remains that will not drain, a
base bath is recommended (see Sec. 4.1.7). Place a cork in the end of the drainage
tube (fire-polish as before), pour in a base bath solution, and let the pump sit for
an hour or two. Because a base bath is highly flammable, be sure to unplug all
electrical components of the pump before you begin this type of cleaning process.

After the base bath has been drained, let the pump soak for a few minutes with
an acid rinse (to stop any alkaline reactions on the glass surface). After three or
four water rinses, follow with a distilled water rinse and finally some methanol to
speed the drying process. Do not blow air through the pump to speed the drying
process as most compressed air is full of oils and other particulates (although dry
nitrogen is acceptable). Alternatively, you can place the house vacuum hose to the
pump and draw the ambient air through the pump. Remember, any acids or bases
must be neutralized before disposal.

Hydrocarbon oils are generally easier to remove than silicon oils, but many of
the hydrocarbon solvents used to remove these oils (such as chloroform) are con-
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sidered by the EPA to be toxic. For seriously contaminated oils, and/or oils that
are very tarry, something that is more heavy-duty such as decahydronaphthalene
or trichloroethelene may be needed, but the latter is also considered to be a toxic
waste. Each of these solutions should be followed by acetone and ethanol rinses.33

Another diffusion pump oil, polyphenylether, can be dissolved in either trichloro-
ethelene or 1,1,1-trichloroethane. Again, both of these are considered by the
EPA to be toxic materials.

Be aware that the old oil from a pump (and any solvent used to clean out the old
oil) more than likely contains any toxic materials that may have come from the
vacuum system. For example, if the system had a McLeod gauge, it is likely that
the old oil is contaminated with mercury. The amount of contamination concen-
tration determines how the oil or solvent can be disposed of. Unfortunately,
because of the possibility that specific EPA-established concentration levels will
change before you read this book, no disposal procedures are provided. Therefore,
contact the EPA, or local regulatory agencies, to verify the various toxicity levels
and the proper disposal procedures for materials of those levels.

If you are using a fluorinated oil such as fiuoropolyether, do not fire polish the
end of the drainage tube and do not seal any glass onto the area until you have
thoroughly cleaned the area. Any remaining grease that is heated higher than
280°C will turn into toxic fumes and could be lethal. You may use a fluorinated
solvent such as trichlorotrifluoroethane or perfluorooctane to clean the system.
The biggest problem when using fluorinated materials (either as stopcock or joint
grease or as pump oil) is the environmental hazard of the solvents needed for
cleaning.

Instead of using the above solvents, most of which are (or will be) banned, one
can use an industrial detergent, such as BH-38, to remove the fluorinated oils.
Simply by soaking the contaminated parts in the detergent can break up the oil for
removal. There is no question that this will remove the vast majority of fluorinated
solvent, but there is some question as to whether a film of the oil will remain.
Thus, severe heating (above 280°C) is still recommended against.

Several recommended procedures for working with solvents begins with using
as little solvent as possible. In addition, many solvents can be reused. For exam-
ple, a solvent used for a final rinse can later be reused for an earlier rinse on the
next cleaning operation. After a solvent has been reused, it can be distilled, or
roto-evaporated, so you end up with a smaller amount of contaminated liquid.
Because disposal costs are based on volume, any decreased amount of waste can
provide significant cost savings.

After the cleaning has been completed, it may be necessary to remove the end of
the drainage tube to remove any burnt deposit. Then, add an extension of the
draining tube and close it off at about 1 to 1 V2 in. (see Fig. 7.26). Now the pump
can be refilled. The reason for cutting the drain tube in half (as mentioned) is to
provide distance from the diffusion pump onto which you can fuse an extension.
If an extension were to be sealed directly onto the pump, extensive and formal
annealing of the pump would be required.
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The cleaning of a mercury diffusion pump* is somewhat simpler because mer-
cury does not break down as most pump oils do. However, mercury gets dirty, and
a dirty mercury pump still needs to be cleaned. After you have drained the mer-
cury out of a glass diffusion pump, refill the pump with approximately a 6 molar
nitric acid solution and let it sit until the mercury has been removed. Do not pour
this liquid down the sink! Check with local waste management and/or your health
and safety officer. The pump should be flushed with distilled water and then rinsed
with methanol for drying.

To remove any mercury deposits from a metal vacuum pump, it is important to
check with the manufacturer because some cleaning techniques may destroy the
pump.

Alembics and distillation pots are not necessary on mercury diffusion pumps
because mercury does not fractionate like oils. Although mercury and oil diffusion
pumps use the same principle to function, they differ markedly in design. Because
there is no fractionating ability in mercury pumps, oils cannot be used in mercury
pumps. However, mercury can be used in an oil-designed metal pump on a limited
basis—albeit with a noticeable loss of performance. Never use mercury in a diffu-
sion pump with exposed heating elements because the mercury will short out the
pump.

7.3.18 Toepler Pumps

It is fairly easy to move condensable vapors from one section to another within a
vacuum system by placing liquid nitrogen (within a Dewar) around a trap or sam-

The drain tube must be cut in half to permit
the draining of the diffusion pump oils.

Next, fire-polish the end of the tube to
prevent cutting the cork that will need to be
placed within. This step may leave a burnt
deposit that will later need to be removed.

After cleaning, remove any glass with burnt deposits.
Be sure to aim the flame away from the pump.

Finally, add an extension onto the draining tube
before refilling the diffusion pump.

Fig. 7.26 The procedure for closing the drain tube on a glass diffusion pump.

* Save any mercury taken from McLeod gauges, manometers, and diffusion pumps because it can be
sold to your mercury supplier for purification and reuse. One company that provides this service is
Bethlehem Apparatus Co., Inc., 890 Front St., Hellertown, PA 18055.
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Fig. 7.27 General layout of a typical electrically operated Toepler pump.

pie tube. The condensable gas will travel to the trap, condense out, and/or freeze.
Noncondensable gases (helium and hydrogen for example) cannot be moved in
this manner and require a Toepler pump.

Toepler pumps are used for the collection and transfer of noncondensable gases.
They are not capable of creating great vacuums, but they can be very effective
pumps regardless. A 5OO-cm3-size Toepler pump can remove 99.9% of a two-liter
gas bulb in 10 minutes.

A Toepler pump is a piston pump with mercury as the piston. The mercury pis-
ton is powered by both the vacuum from a vacuum system and the atmosphere.
The actual operation of a Toepler pump involves evacuation followed by readmis-
sion of air out of, and into, the Toepler pump. There have been a wide variety of
techniques to automate this process because manual operation can be quite
tedious.

The most common automation mechanism is to use the electrical conduction
abilities of mercury to trigger switches that operate the pump. An example of such

^-Plastic
container

Fig. 7.28 By placing a Toepler pump (or any mercury-containing device) in a
plastic container, spills are avoided and it's protected from an accidental bump.
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a Toepler can be seen in Fig. 7.27. In operation, the gas to be pumped enters the
inlet at the top of the piston chamber. The pumping action begins when air is
allowed into the lower chamber by the stopcock at C. The air forces the mercury
up into the piston chamber and into the inlet and exhaust tubes. Finally, the mer-
cury pushes up the float valves, preventing the mercury from going out the inlet.
Once the mercury makes contact with the tungsten wire at D, the circuit with the
tungsten wire at F is complete. Then, the stopcock at C is rotated to evacuate the
lower portion of the pump. The mercury finally is drawn back into the lower por-
tion of the pump. The float valve at exhaust tube (at B) prevents gas being pumped
from re-entering the Toepler pump. As the mercury fills the lower chamber, it fills
the small chamber (with tungsten wire at E) which completes the circuit with the
tungsten wire at F. This completion activates the stopcock at C to re-admit air into
the pump, and the process repeats until it is manually turned off.

The major problem with this type of setup is when the mercury makes (and
unmakes) contact with the tungsten wire at D. A spark may form that reacts with
the gas being pumped through the exhaust. Mechanisms to by-pass this problem
have included either placing the air/vacuum cycling on a timer, thereby bypassing
the need of electrical contacts, or placing a photosensitive relay on the side of the
exhaust tube, which is activated when the opaque mercury fills the transparent
glass tube.

As with most items on a vacuum line that contain mercury, place the Toepler
pump in a secondary container that is firmly attached to another surface to contain
any mercury that may spill from an accident as well as protect the pump from
accidental bumps (see Fig. 7.28). Plastic containers (such as plastic milk cartons)
are particularly good because the mercury will not affect plastic. Conversely, mer-
cury may amalgamate with the metals in a metal can, which could destroy any
containment capabilities. In addition, it is easier to get mercury out of a plastic
container (with smooth walls) than out of a metal one (with a narrow rim). The
plastic tub can be glued onto the table with some epoxy. The epoxy will stick bet-
ter if you roughen up the bottom surface of the plastic container with sandpaper.
Because not all epoxies stick to plastic, test the epoxy before assuming that it will
hold.

7.4 Traps

7.4.1 The Purpose and Functions of Traps
Traps (and baffles and filters) are used on vacuum systems because of the need to
remove, catch, or bind condensable vapors, paniculate matter, and aerosols. To
obtain a vacuum, you must remove everything from a given area. However, like
the environmental adage "you cannot throw anything away," you may not want
everything that is removed from a vacuum system passed into the pumping sys-
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Fig. 7.29 A cold trap is worth the trouble on even a simple vacuum system.

tem, or into the air you breath. Solvents (and their vapors) can impair or severely
damage mechanical pumps by dissolving seals or by breaking down mechanical
pump oils. Paniculate matter passing into a mechanical pump can severely dam-
age veins and seals. Condensed vapors in pump oil can impair a pump's perfor-
mance. Volatile compounds that pass through a pump and leave as aerosols can
expose technicians to an unacceptable health risk. Thus, the use of traps in vac-
uum systems can protect equipment and the people who are using the equipment.*

Traps (specifically foreline traps) can also improve the vacuum in a vacuum sys-
tem either by becoming a separate vacuum station (such as the cryogenic capabil-
ities of a cold trap) or by limiting the backflow of oils from a pump (either a cold
trap or a molecular sieve type trap).

Traps can also do more than protect vacuum systems. By placing a series of
traps in a line, and by using successively cooler coolants (see Sec. 6.2 for different
coolant materials)one can separate compounds by their condensation or freezing
points (see Sec. 7.4.5).

The simplest way to protect a pump, pump oil, and pump seals, reduce mainte-
nance time, and protect the worker from the effects of condensable gases in a vac-
uum system is to place a trap between the vacuum line and pump (see Fig. 7.29).
For example, although water vapor is not likely to damage a mechanical pump or
worker, it can still impair pump performance by hydrating the pump oil. This
problem can be resolved (after the fact) by keeping the pump running for an
extended period of time (overnight) against a small dry air (or dry nitrogen) leak.
However, this problem can easily (and should) be prevented by trap use at the out-
set.

As mentioned, a trap prevents condensable vapors from damaging pump com-
ponents as they are removed from the vacuum system. Additionally, a trap can
improve the quality of the vacuum by preventing condensable vapors and pump
oil vapors from drifting back into the system. Remember that once a pump has
achieved its potential vacuum, gas flow drops to zero leaving materials to drift

Traps are supposed to prevent exhausts from being released into the working environment. How-
ever, they should not be relied on to the extent of the possible negligence of the user(s) or other pos-
sible accidents causing failure. Therefore, all exhausts from mechanical pumps should be vented to
fume hoods (see Fig. 7.14 on exhausting mechanical pumps to fume hoods).
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upstream or downstream. This means that pump oils and condensable vapors from
the mechanical pump can return back to the diffusion pump (if there is one on the
system) and into the system itself.

The movement of condensable vapors from the mechanical pump can poten-
tially decrease diffusion pump performance. If your system has diffusion and
mechanical pumps, there should be a trap between the two pumps in addition to
the cold trap between the system and the diffusion pump (see Fig. 7.30). The use
of properly designed and placed cold traps can allow diffusion-pumped vacuum
systems to achieve vacuums in the region of 10"9 torr35 and greater!*

7.4.2 Types of Traps
The decision of what type of trap to use is typically more likely made by what one
is familiar with, what is available, and/or what is economically viable. For exam-
ple, you may be inclined to use liquid nitrogen in a situation where dry ice would
be adequate if you're in a facility that has a lot of liquid nitrogen available. On the
other hand, you might try to get by with dry ice when you don't have access to liq-
uid nitrogen. Alternatively, perhaps there is a situation where a molecular sieve
trap would be optimum. If you are not familiar with that type of trap, it is less
likely to be used.

There are four basic foreline trap designs (and one post-pump trap):
1. Cold traps that rely on condensation or freezing to trap a condensable

vapors.

2.

3.

4.

Paniculate traps that physically block the passage of large pieces (>2
microns) of materials from getting into mechanical pump.

Molecular sieves primarily used to trap hydrocarbon oils—they also trap
water vapor to a limited extent.

Coaxial traps that contain various fibrous materials loosely strung within
the container to trap (primarily) pump oils. Table 7.10 provides a list of

Vacuum
line

Diffusion
pump

Mechanical
pump

(fore pump) I
Cold Trap 1

Cold Trap 2
(Fore Trap)

Exhaust to
Fume Hood

Fig. 7.30 Cold Trap 1 protects the diffusion pump, mechanical pump, and the
user from materials that could otherwise drift in from the vacuum line. Cold Trap 2
protects the diffusion pump from any oils that may drift from the mechanical
pump.

This vacuum region can only be achieved on special (usually metal) systems that can be baked.
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the various traps and their effectiveness against various vacuum system
contamination.

5. Mist traps limit the amount of the aerosols of mechanical pump oils
from leaving the pump and drifting into the room containing the pump.
These traps are different from the other traps in that they go on the
exhaust of the mechanical pump and do not protect the pump or the sys-
tem, only the operators.

Cold traps use either water, dry ice slush baths, or liquid nitrogen as a coolant.
The low temperatures of a cold trap cause condensable vapors to change their
state of matter into a liquid or a solid depending on the temperature and the vapor.
As temperature decreases, there is an increase in price and an increase in perfor-
mance.

Water-based cold traps have limited efficiency, although they are the most cost-
effective. They can liquefy water vapor and many hydrocarbon solvents, but they
can't entrap these materials. Thus, they are capable (and likely) to revaporize back
into the system. The cost of running tap water through the cooler and down the
sink can be eliminated by running a recirculating pump in a large plastic bucket.
The effectiveness can be enhanced by periodically dumping crushed ice into the
bucket, but this does take constant maintenance of placing more ice as necessary
and removing excess water as necessary (a drain placed on the top can decrease
that concern).

Slush baths (see Sec. 6.2.7) are effective for a greater range of vapors and can
entrap many vapors by freezing. These types of cold traps require a lot of mainte-
nance.

The most efficient type of cold trap is one that uses liquid nitrogen. This is
because it is so cold that once captured, water, hydrocarbon solvents, and most
other vapors will not be released into the system. Liquid nitrogen cold traps also
enhance pumping within the system due to their cryogenic capabilities. Unfortu-
nately, they are not without problems or complications. Probably the biggest
handicap is that they require constant attention to maintain filling levels. Every
time the coolant level goes below the level of frozen vapors, the pressure in the
system will increase (see Fig. 7.32). Additionally, liquid nitrogen and its equip-
ment are expensive.

Molecular sieve traps (and Micromaze traps from the Kurt J. Lesker Co.) have
low maintenance and low long-term costs. Their main advantage is that, once
bound, vapors are trapped till they are released by heating their active materials.
Thus they do not have the periodic pressure fluctuations that cold traps have. Their
main disadvantage is that they require regeneration of the sieve by baking at 150-
300°C about every 300 hours (or less) of use, and the regeneration requires many
hours. The vacuum section must be closed off during the bakeout; otherwise,
already-trapped hydrocarbons are dumped right back into the system. Because it
is recommended that any valve between the trap and the system be baked as well
as the trap,* this whole section cannot be made out of glass. There is no problem
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with a glass-to-metal connection of some type (except a polymer based o-ring
seal) placed a sufficient distance away from the valve and the glass system. One
can also have removable cartridges on the trap allowing one to remove the car-
tridge for regeneration away from the vacuum system. The advantage of this
approach is that one sieve can be baked and ready to go, limiting downtime. Oth-
erwise, this type of trap requires a long downtime during the bake-out period; thus
this design may not be acceptable to all users. Some molecular sieves allow for
easy removal of charging material, whereas others do not. Roepke and Pung
devised a simple homemade molecular sieve with a removable charge unit.

Backstreaming can be one of the main limitations for mechanical pumps to
achieve a better vacuum. Because molecular sieve and Micromaze traps are so
efficient at capturing (and not releasing) vapors, Strattman37 experimented with a
Micromaze foreline trap to trap the hydrocarbon oils from a mechanical pump.
After proper baking and cooling, he was able to achieve pressures of 10"5 torr con-
sistently with only a mechanical vacuum pump.

Participate traps are simply physical barriers, or screens, that catch particulate
matter just as the screens in clothes dryers catch lint. If your processes create par-
ticulate matter, it is very important to prevent it from getting into a mechanical
pump of any kind. These traps can slow the pumping speed to some degree, but
that is a small price to pay to prevent damage to the pump. Only particulate traps
can stop particulate matter; no other trap can do so in an effective manner and
should not be expected to perform this function.

Coaxial (or assimilation) traps utilize an adsorbing material drawn out to a
fine fiber to provide as much surface area as possible. The various different mate-
rials available provide varying capabilities. For example, copper provides the best
absorption capabilities (particularly to hydrocarbon oils), but is not very durable
and needs to be replaced often. Stainless steel (particularly good for acid environ-
ments) and bronze will survive better in tougher environments, and activated alu-
mina is great when organics or pump oils need to be trapped. Like molecular
sieves, these traps work at room temperature. Unlike molecular sieves, not all can
be baked out for regeneration and typically must be replaced with the old one dis-
carded in an environmentally safe manner because it is likely to contain a variety
of harmful materials.

Mist traps trap oil aerosols (> 0.3 microns) from the exhaust port of mechani-
cal pumps to minimize exposure to workers in the area. Since they cannot trap
gases, vent tubes going to fume hoods are still recommended (see Fig. 7.14).

All traps designs require proper use and maintenance. Mistakes, or improper
use, can at a minimum backfill your system with the hydrocarbon oils you are try-
ing to prevent from getting in there to the condensable vapors you are trying to
remove. All trap designs should have a valve between the trap and the system to

* The coolness of a nonheated valve will become a condensation point for any hydrocarbons that are
baked out of the trap. This forces contamination into a region next to the system that the trap is try-
ing to prevent.
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prevent cross-contamination during periods of nonuse. Any trap design that
allows baking should have some barrier that limits (or prevents) human contact
with the trap while heating is taking place to prevent burns. Because liquid nitro-
gen cold traps present special safety and use concerns, the next two sections pro-
vide more detailed instruction of their use.

7.4.3 Proper Use of Cold Traps

It is not uncommon for those using vacuum systems to consider trap functionality
as limited to catching condensable vapors as they leave the vacuum system on
their way to the pumping devices. It all too common for people to forget that
besides the trap protecting the pump(s), the traps also protect the vacuum system
from materials backstreaming from the pumps. Optimally, this second (but no less
important) function of traps increases potential vacuum by limiting backstream-
ing.

For something so important, it is surprising how neglected the traps on a vac-
uum systemare, and how poorly they are maintained. Just as one can do signifi-
cant damage to a car by neglecting the oil filter and motor oil, many a vacuum
system is not performing as well as it could due to a few oversights to trap use.
Aside from the issue of maintenance, issues for optimum system performance
should include trap selection, how the trap is designed, and how the trap is
attached to the vacuum system.

For the many vacuum processes that do not generate, or release, any significant
quantities of condensable vapors, trap orientation is for the most part irrelevant.
However, for the many other vacuum processes that do generate, or release small
to significant quantities of condensable vapors, the orientation can have signifi-
cant ramifications. If the liquid nitrogen trap is attached the one way, there can be
a build-up of excess frozen materials in the center tube resulting in a reduction of
the trap's throughput. With sufficient amount of vapors, this reduction could even-
tually lead to a complete cutoff of all gas flow through the trap (see Fig. 7.31). By
simply orienting the trap the other way, the buildup of frozen vapors collects on
the outer wall, leaving the center tube free for gas transport.

In addition to more efficient throughput, the trap arrangement on the right of
Fig. 7.31 allows one to remove the condensate while frozen. This helps prevent
the condensate from drifting back into the system after it has defrosted, and if
there are any particularly dangerous materials, they can be moved to a fume hood
for dealing with in a safe manner.

There is an argument in favor of the design on the left of Fig. 7.31: If there is
poor trap maintenance, and the frozen vapors defrost (and collect on the bottom of
the trap), there is no chance for these liquids to be sucked into the pumps by
someone throwing a switch or stopcock at the wrong time. However, for this
amount of liquid to reach the level of the inside tube indicates poor trap mainte-
nance. In addition, this amount of condensate had to have effected gas transport.
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a From Vacuum Products by Welch Vacuum, Thomas Industries, Inc., p. 107, © 1988 by Welch Vacuum
Technology, Inc., reproduced with permission.
~fr - Fair: -fr-fr - Good: -fr-fr-fr - Very Good: -k~k~k-k - Excellent: N/R - Not Recommended
b Trap applications (ratings are qualitative guidelines, if you have questions, call the manufacturer of your
pump).
c Trap Maintenance.

d Trap Characteristics.
e Examples: paraffins, solvents, organic acids, alcohols.
^Coaxials can trap large particulates, but are not designed for this purpose.
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Frozen vapor
buildup

If the system is attached to the center
inlet, the material will freeze as it
enters the liquid nitrogen area, thus
reducing the flow potential. It can
eventually close up.

System

Frozen vapor

buildup

When the system is attached to the
side inlet, the material will freeze on
the side walls as it passes through
the cold trap. There is no restriction
of flow with this orientation.

Reduced Continuous
throughput throughput

-ig. 7.31 If a cold trap is improperly oriented, the system may clog up.

Constant removal of the trapped materials should always be done, but with this
orientation, it is less critical.

One other disadvantage of the reduced throughput orientation is that as the vac-
uum improves, the trap's ability to trap decreases. This is due to less air to conduct
the cold of the coolant to the inside of the trap. The continuous throughput orien-
tation, on the other hand, has the coolant on direct contact with the outer walls of
the trap, ensuring a constant temperature at any vacuum.

The best throughput is obtained by using the ratio that Dushman38 recommends
where the inside diameter of the inner tube divided by the inside diameter of the
outer tube. When this ratio is 0.62, the cold trap's throughput is at its most effi-
cient, regardless of the orientation.* Rosebury studied the ratio between the
inside and outside tube with consideration to the length of the cold trap for maxi-
mum trapping efficiency. He found that a short, fat cold trap has much better con-
duction than a long, thin cold trap, but such a trap's ability to trap condensable
vapors will be severely handicapped due to limited opportunities for the vapors to
come into contact with a wall. Although there is a penalty for a longer trap, if the
ratio of 0.62 is maintained, maximum (for that length) conductance will be at a
maximum.

* If the traps are oriented as shown on the right of Fig. 7.31, the quality of throughput is maintained
regardless of the amount of frozen vapors.



394 Vacuum Systems

Improper selection of coolant for a cold trap may artificially limit the potential
vacuum of your system. For instance, the vapor pressure of water (which is often
the primary condensable vapor in many vacuum systems) is quite high without
any cold trapping, moderate at dry-ice temperatures, and negligible at liquid nitro-
gen temperatures (see Table 7.11). If your vacuum needs are satisfied within a
vacuum of 5 x IO"4 torr, you can safely use dry ice (and save money because dry
ice is less expensive than liquid nitrogen). Another temperature option for a cool-
ant is the slush bath (for more information on coolants see Sec. 6.2).

Starting a vacuum system should include the following trap use procedures for
safe and efficient vacuum system operation:

1. Prevent Air (Oxygen) from Condensing within the Cold Trap. One of the
more common laboratory accidents can occur when air (oxygen) is frozen in a
cold trap. This accident is caused by placing a cold trap within liquid nitrogen
while there is still sufficient oxygen within the trap to be condensed. Later, once
the liquid nitrogen is removed (either intentionally or is boiled off) the condensed
air vaporizes. The excess pressure created by this frozen air can result in anything
from stopcock plugs being blown across the room to an explosion of the entire
line. Many labs have "horror stories" of these potentially dangerous, and always
costly, occurrences.

To prevent oxygen from freezing in cold traps, be sure that there is no air in the
trap when pouring liquid nitrogen around the cold trap. If you suspect that you

Table 7.11 Vapor Pressure of Various Substances
as a Function of Temperature0

Temperature

°C

100

50

0

-40

-78.5*

-120

-150

-195.8**

K

373.1

423.1

273.1

233.1

194.6

153.1

123.1

77.3

Vapor Pressure, torr

Water

760

93

4.6

0.1

5. x IO4

io-7

io-14

= 1 0 " 2 4

NH3

3,220

540

42

0.2

6X10"4

io-11

co2

760

10

6 x 10"2

10"8

Hg

2.7 X 10"1

1.3 x 102

2X10"4

1 x IO 6

3 x 10"9

10"13

" From Vacuum Science and Engineering by CM. Van Atta, © 1965, McGraw-Hill, Inc., p. 331,
reproduced with permission.

* Sublimation temperature of dry ice at 760 torr (one atmosphere).
c Boiling point of liquid nitrogen at 760 torr (one atmosphere).
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may have air condensed in the cold trap,* be sure the frozen air has room to
expand. There are three ways to prevent explosions from frozen air:

1. Leave that section of the vacuum system in a continuous state of vac-
uum, never bringing it up to room pressure. (This is not always possible
because traps often need to be removed to empty their contents.)

2. Begin pumping with the mechanical pump for a few minutes to make
sure that the trap is below =1 torr before placing liquid nitrogen around
the cold trap. A pump running against atmospheric pressure is noisier
than one running against a vacuum. Thus, once the pump noise has
dropped, it is safe to place the trap within liquid nitrogen.

3. Leave a stopcock open (to the atmosphere) at the end of an experiment
to vent the system after the work is done. However, if you do this, be
sure to remove the liquid nitrogen from the trap before opening the
vent. Otherwise you will be condensing oxygen that is drawn in by the
open vent.

Suggestion 1 should always be practiced whenever possible. The re-entry of
atmosphere into a vacuum system reintroduces copious amounts of moisture onto
the vacuum system's walls and reintroduces gases back into the liquids within
your system (oil and/or mercury). The next time the system is used, the walls will
need to be re-dried and the liquids re-outgassed. Thus, a greater amount of time
than would otherwise be necessary will be required the next time you wish to
obtain a vacuum. This extra time will also place more wear and tear on your
pumps and expose them to extra condensable vapors.

Suggestion 2 should always be done as standard practice. Assuming your traps
are emptied of liquids and condensable vapors, there should be nothing available
to damage the pumps. Therefore, the practice of running the pumps for a few min-
utes (before placing liquid nitrogen around the cold traps) helps ensure that an
insufficient amount of air is available for the oxygen to be condensed.

Suggestion 3 has limited practicality. It can only be effective after work on the
vacuum line is complete and you wish to shut down the system. This plan will not
help vacuum lines left unattended and/or whose liquid nitrogen has boiled off.
Regardless, if frozen oxygen boils off faster than can be released by the vent, the
results would be the same as if no vent were available. Thus, the potential for
disaster is still present.

In practice, use Suggestions 1 and 2. It is better to ensure that no air freezes
within the system than to develop techniques to deal with problems that should be
avoided.

2. Limit the Amount of Moisture Near the Top of Your Cold Trap. A com-
mon error when first starting up a vacuum system is pouring liquid nitrogen too
high into a Dewar. People often overfill Dewars in the early startup process

* Frozen oxygen will appear as a lightly blue-tinged liquid in the bottom of the trap. Oxygen is one
of the few materials to remain a liquid at liquid nitrogen temperatures.
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- Liquid^
nitrogen

level

Wrong Right

Fig. 7.32 By filling the liquid nitrogen to the top of the Dewar when first cooling the
cold trap, the user risks limiting the maximum pressure the system can achieve.
However, by keeping the level low in the beginning, the user can keep any frozen
material locked up.

because the liquid nitrogen boils off initially very quickly, so there is a reaction to
overfill. This overfilling can limit the potential vacuum of a vacuum system and/or
create unaccountable pressure blips.

The problem originates because the liquid nitrogen high in the Dewar freezes
moisture in the upper regions of the cold trap (see Fig. 7.32). Later, as the liquid
nitrogen boils off, the moisture at the top of the trap evaporates (because nothing
is keeping it frozen) and the pressure in the system rises, thus becoming a virtual
leak (see Sec. 7.6 on Leak Detection), which is very difficult to find because no
one thinks to look for a leak within a cold trap.

Fortunately, it is relatively easy to limit the degree of this problem by maintain-
ing a low liquid nitrogen level in the Dewar when starting your system. Later, by
maintaining a high liquid nitrogen level, any moisture that is trapped in early on
will stay frozen. Unfortunately, that does not allow later collection of liquids to
enjoy the same protection. The best defense for this problem is to maintain a high
coolant level throughout cold trap use.

This virtually leaking cold trap problem is more likely to occur when first start-
ing a vacuum system, or when a system has been down for an extended time
because there is more moisture is in the system. The problem is more difficult to
control when you are constantly cycling from atmospheric pressure to a vacuum
state because moisture is constantly being brought into the system and the greater
amount of liquid nitrogen being boiled off. The problem will always exist if your
work creates copious amounts of condensable vapors stopped within the cold trap.

7.4.4 Maintenance of Cold Traps
There are two types of cold trap maintenance: (1) maintaining the liquid nitrogen
(or the coolant of choice) at a proper level while the trap is in use and (2) main-
taining clean traps to ensure the best throughput.

Maintenance of Liquid Nitrogen. A variety of automatic filling devices have
been designed to maintain the liquid nitrogen level within a Dewar. Many of these
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devices are available commercially, and many others are sufficiently simple for
lab construction. If you use an automatic filling device, try to limit the length of
the filling lines.* In lieu of mechanical or electrical automatic filling devices, peri-
odic inspection and manual refilling is always available.

Perhaps more important is limiting the amount of liquid nitrogen lost by boiling
off. First, use a good-quality Dewar that is larger in radius than the cold trap by
about 2 cm on all sides. All Dewars should be wrapped with tapef to prevent fly-
ing glass in case of implosion. If you ever notice frost on the outside of a Dewar, it
is likely that the protective vacuum within the Dewar is gone and the void has
filled with atmosphere. This occurrence is not uncommon and is caused (typi-
cally) by a poor-quality tip-off of the Dewar when it was evacuated.

Additional liquid nitrogen protection can be obtained by placing some insula-
tion on top of a Dewar, which otherwise is exposed to the atmosphere. This insu-
lation can be as simple (yet effective) as cardboard placed over the top of the
Dewar, leaving a cutout for the cold trap. Styrofoam, a more efficient insulation
material, can also be cut out and placed on the top of the Dewar [see Fig. 7.33(a)].
Alternative approaches include cutting Styrofoam into a cork shape [see
Fig. 7.33(b)], or sprinkling crushed-up Styrofoam on top of the liquid nitrogen
[see Fig. 7.33(c)]. Each of these approaches has good and bad points: Approach
(a) can be knocked off easily and provides the least amount of insulation. How-
ever, it is easy to make and allows for easy examination of the liquid nitrogen
level. Approach (b) provides excellent insulation abilities, but is not as easy to

Styrofoam Jl
chips. ^ L L

(a) (b) (c)
Fig. 7.33 Various methods of covering Dewars using Styrofoam. Be sure that
whichever approach is used, you allow a route for gases to escape.

* If the filling lines are overly long, any warmer gas (already in the line) may warm the Dewar some-
what before the liquid nitrogen arrives and may cause small pressure blips.
t 40
' In a study by Brown, it was found that white protective wrapping tape made a small, but notice-
able, difference in how long liquid nitrogen would remain in a Dewar as opposed to no tape or black
electrical tape.
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make and is more difficult to put into place. It is also more difficult to examine the
liquid nitrogen level. Approach (c) is the easiest to make (just crush up some Sty-
rofoam), but can be messy and locating the level of liquid nitrogen can be confus-
ing or difficult. In a high-humidity environment, water vapor can freeze over the
crushed-up Styrofoam, making refilling the Dewar with liquid nitrogen very diffi-
cult. Regardless of which approach you use, there must be a route for built-up
gases to escape, otherwise the plug could be blown out with some force.

Maintain a Clean Trap. During vacuum operation, a trap may become suffi-
ciently filled that emptying the trap is necessary. To empty a trap the lower section
must be removed from the system, and to remove the lower section the trap must
be vented to the atmosphere. If the trap is not vented, separating the lower remov-
able part of the trap from the upper section could be like separating the Magde-
burg hemispheres (see the historical review in Sec. 7.2.3). If brawn is greater than
brain, one could damage your system.* Unless there is a reason to vent the entire
system, do not. When a system is exposed to the atmosphere, moisture can resatu-
rate the walls of the system, and gases can be resorbed into the vacuum liquids
(diffusion pump oils and/or mercury). Extra (wasted) time will be required to
return the system to its original vacuum condition. In addition, if your diffusion
pump uses hydrocarbon oils, air can destroy the diffusion pump oils (if the oil is
hot when the air makes contact) and the oils will then have to be replaced. All this
wasted time and money can simply be avoided when first constructing vacuum
system with a venting stopcock on the trap side of the system to vent the trap to
atmospheric pressure while leaving the rest of the line in a vacuum (see Fig. 7.34).

Incidentally, if your work creates a constant buildup of material in the cold
traps, have extra trap bottoms available. This preparation allows you to remove a
filled trap bottom and transfer it to a fume hood while immediately replacing
another on your vacuum line, thus significantly cutting down the amount of
"downtime" on your system.

Following Fig. 7.34, if you need to temporarily remove the base of a trap while
a system is in use:

1. Close Stopcocks 1 and 3.

2. Open Stopcock 2.

3. Remove base of cold trap.

4. Replace base of cold trap.

5. Close Stopcock 2.

6. Open Stopcock 3.

7. When the pump quiets down, replace Dewar under cold trap.

8. Open Stopcock 1.

It can facilitate separation to use O-rings on traps rather than standard taper joints because they are
always easy to separate in either cold temperature or room temperature.
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Stopcock 2 ̂  ^
~" ^ Stopcock 3

Stopcock 1

To pump

=\ F=fiH ~
From system

Fig. 7.34 Using valves or stopcocks to separate the various parts of your system
allows you to open sections of your system while maintaining a vacuum in the
rest of the system.

Removing the base of a cold trap while it has been in liquid nitrogen can be dif-
ficult, especially if the trap uses standard taper joints. The cold temperatures can
make (even fresh) stopcock grease sluggish and firm. The easiest way to separate
the base from a trap is to let the trap come to room temperature. The joint may
also be easier to separate if you aim a hot air gun around the entire circumference
of the joint (do not aim the hot air gun at one spot and expect it to heat the other
side). If you need to use a hot air gun to soften the stopcock grease, be sure the
stopcocks to the system and the mechanical pump are closed to prevent the
trapped materials from being re-released to where they shouldn't get into. If you
expect to remove a frozen trap often, consider using O-ring joints which are easy
to separate (once vented) regardless of temperature.

When shutting down a vacuum system, close off your system from the trap sec-
tion. That way, as trapped compounds warm up and go into a vapor state, they will
not be able to drift into the rest of the vacuum line. You should also vent your
pump to the atmosphere. Many pumps do not have adequate check valves near
their oil reservoirs. If they are shut off with a vacuum on the vacuum side, the
mechanical pump oil can be drawn up into the system. So, to shut down a vacuum
system (see Fig. 7.34), it is recommended that you:

1. Close Stopcock 1.

2. Remove coolant (i.e., liquid nitrogen).

3. Turn off Pump.

4. Open Stopcock 2.

7.4.5 Separation Traps
All of the traps mentioned so far protect the vacuum line, pumps, pump liquids,
and/or the people using the system. There can be other traps on vacuum systems
whose function is not for protection, but rather as tools for chemistry. Separation
traps fall into this category and can separate a mixed compound into different
fractions by using the appropriate freezing temperatures.*
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Separation traps are typically a collection of interlinked U-shaped traps attached
off the main vacuum line by two stopcocks (see Fig. 7.35). This arrangement
allows separations of the mixed compound into as many traps as your system has.
Once separation is complete, any fraction of the separation may be removed from
the system at any time and in any order. The contents within a trap may even be
sent back to the main holding trap for further separation. The following will pro-
vide a generalized procedure for utilizing such a separation process:

1. Attach your sample to the system at Stopcock 14.

2. Open Stopcocks 14, 12, 13, 1, 3, 5, and 7 to evacuate the separation line
and all the "U" traps.

3. After the extension line on the vacuum system has been evacuated, close
all stopcocks except 14 and 12.

4. Place liquid nitrogen (in a Dewar) around the holding trap.

5. Stopcocks 15 and 1 can be opened; and using the cold from the liquid
nitrogen as a sorption pump, transfer the mixed compound into the
holding trap (you may want to lightly heat the original compound to
facilitate the transfer).

6. Close Stopcock 12 and 1.

7. Place Dewars, with the appropriate temperature slush baths, under the
other traps on your system. The Dewar closest to the holding trap
should have the warmest of the cold temperatures, and the Dewar far-
thest away should have the coldest bath.

8. Remove the Dewar from the holding trap, empty it, and replace the
Dewar (this procedure allows a slow warming of your mixed com-

1 2 3 4 5 6 7 814

15

Mixed
compound

Holding Warmest Colder
trap

Fig. 7.35 Separation traps connected to a vacuum line.

Coldest

* See Sec. 6.2.7 for how to make varying-temperature slush baths.
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pound). Open Stopcock 9 (or 2 and 3) and allow the compound with the
highest vapor pressure to freeze out.

9. After a sufficient amount of time has elapsed, open the stopcocks to the
successive traps in similar succession.

10. Once the material in the holding trap has successfully passed into the
other traps, close all stopcocks. Then, transfer the purified materials,
one by one (from the lowest vapor pressure to the highest), back into
containers such as those that originally held the mixed compound.

7.4.6 Liquid Traps

The most efficient way to prevent the liquid from an oil or mercury pressure gauge
or bubbler from spilling into the rest of your vacuum system is to place a liquid
trap between the liquid container and the vacuum system. The liquid trap design is
fairly straightforward (see Fig. 7.36), and the installation of one is strongly rec-
ommended.

The beauty of liquid traps is that once in place they require no further oversight,
care, or maintenance. Once you have seen the damages caused by a manometer or
a McLeod gauge that has "burped," you understand the value of liquid traps. How-
ever, the value of liquid traps can be overemphasized, and they should not be used
as panaceas for clumsy vacuum work. They will not stop all the mercury (or other
fluids) that are being battered around within a system, so do not depend on liquid
traps to make up for carelessness.

To

~~ system

Constricted to
restrict the \ .
fluid flow

To vacuum —_
liquid column

>- 11

(
NX./?

)
V̂ A hole

allowing fluid
return

In this trap, fluids travel the easier route
of the side arm (rather than the
constricted center tube) and splash into
the pear-shaped flask. From there they
pour back into the container from where
they originally came.

Fig. 7.36 Two liquid trap designs.

In this design, fluids are splashed
against the inside wall where they
can flow back into the tube from the
hole on the side of the lower tube.
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7.5 Vacuum Gauges

7.5.1 The Purposes (and Limitations) of Vacuum
Gauges
The two most common reasons to know the quantitative level of vacuum in a sys-
tem are either to know that a general level of vacuum has been achieved (so that
something else can be done), or to see what quantitative effects an experiment has
had upon the vacuum. The former requires a type of "go/no-go" reliability that
may or may not have accuracy requirements. The latter is important with experi-
ments such as gas creation or changes in vapor pressure. For proper analysis of
experimental data, highly accurate readings are required. Regrettably, the greater
the vacuum desired, the less reliable, or consistent, a vacuum reading is likely to
be.

To obtain accurate and consistent low-, high-, and ultrahigh-vacuum readings
requires years of experience and training beyond the scope of this book. This book
explains the basic operation of common gauges and (hopefully) will give you the
background to obtain the years of experience. Accuracy, however, is a somewhat
loose term when used for vacuum gauges because actual (real) pressure must be
experimentally determined.41 The reading that one obtains from a vacuum gauge
can depend on factors as diverse as system use, experimental technique, the gauge
angle of attachment, external magnetic fields near the gauge, and ambient gases
within the vacuum system. The formal definition for accuracy by the ISO (The
International Standards Organization) is "the closeness of agreement between the
result of a measurement and the true value of the measurement."42 To maintain the
best possible accuracy, recalibration is required to maintain the closest possible
agreement with the manufacturer's stated accuracy. In addition, recalibration may
be required each time a new gas species is introduced to a system. Unfortunately,
all vacuum gauges tend to show a loss of accuracy over time, and this process con-
tinues over the life of the gauge. Recalibration cannot restore this lost accuracy,
nor can re-calibration prevent error.

There are two basic ways for a vacuum gauge to "read" a vacuum: direct and
indirect. For example, say that on one side of a "wall" you have a known pressure,
and on the other side of the "wall" you have an unknown pressure. If you know
that a certain amount of deflection implies a specific level of vacuum, and you can
measure the current wall deflection, you can then determine the pressure directly.
This process is used with mechanical or liquid types of vacuum gauges. On the
other hand, if you know that a given gas will display certain physical characteris-
tics due to external stimuli at various pressures, and you have the equipment to
record and interpret those characteristics, you can infer the pressure from these
indirect measurements. This indirect method is how thermocouple and ion gauges
operate.

Each method of vacuum reading has its advantages and disadvantages. No sin-
gle method of vacuum reading is entirely easy and/or comprehensive, and no vac-
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uum gauge can read a full range of pressures or be wholly accurate on all types of
gases. Thus, the vacuum gauge(s), controllers, and other peripheral equipment
you decide to use on your system are dependent on what vacuum range you need
to read, what level of accuracy you need, and cost.

Once you have decided on which vacuum gauge to use, you then need to con-
sider where and how it should be attached. The vacuum gauge should preferably
be attached near the area where the vacuum work will be performed. Pressure is
determined by the number of molecules per cubic centimeter, and at low pressures
a vacuum gauge located far away from where you are working may give a mis-
leading value. Despite Avogadro's law, at different pressures there may be a ran-
dom distribution of molecules within the vacuum. These differences can cause
gauges to provide inaccurate pressure readings. There are three reasons for this
problematic condition:

1. In molecular flow, there is a time factor before pressure can equalize
within a vacuum system. Small-diameter (and/or long-length) tubing
can compound this problem.

2. If the entry tube to the gauge is too narrow (and/or long), the statistical
movement of molecules to enter the gauge may be inaccurately low. On
the other hand if the angle of the tube to the gauge is in direct line with
a molecular stream, the count of molecules could be inaccurately high.

3. Ion gauges have their own pumping capability providing lower pressures
in the gauge region than in areas located some distance away (see
Sec. 7.5.19).

Finally, be aware that if you read 3.0 x 10"3 torr from your vacuum gauge, that
figure is not likely to be your "real" vacuum. Likewise, if you are trying to dupli-
cate an experiment that is pressure-specific, and despite repeated attempts the
experiment fails, your vacuum reading may be at fault, not you. Vacuum gauges,
by their nature and design, are always inaccurate. In standard laboratory condi-
tions, vacuum measurements that are ± 10% reliable are very difficult, and those
that are ± 1% are essentially impossible.43 The reasons for this imprecision can
include the following:

1. The gauge may be inherently inaccurate.

2. The gauge may be calibrated for a different gas than what is in your sys-

tem.

3. The elements of the gauge may be contaminated.

4. The gauge may not be receiving a sufficient amount of time for proper
equilibration.

5. The misalignment of parts within a gauge can alter the accuracy of read-
ings.

6. Different components, or types of filaments, within the same gauge can
alter the accuracy of readings.
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Always have a valve (or stopcock) between your vacuum system and vacuum
gauge (and any other component of your vacuum system) to allow unneeded sec-
tions to be shut off when not in use and limit contact with potentially corrosive
materials. The less contamination a gauge is exposed to, the longer the accuracy
and reliability of the gauge will be maintained.

There are five major families of vacuum gauge design. The gauge families are
the mechanical (see Sec. 7.5.2), liquid (see Sec. 7.5.4), thermionic (see
Sec. 7.5.14), ion (see Sec. 7.5.19), and other (in this book I have only made pass-
ing reference to the momentum transfer gauge in Sec. 7.5.24). Each family has its
own strengths and weaknesses, and many vacuum systems often will have two or
more gauge families represented on a single vacuum line. This mixture is partly to
allow uniform pressure readings from atmospheric to high vacuum (a single
gauge cannot do both) or to provide periodic cross-reference and calibration.

7.5.2 The Mechanical Gauge Family
The easiest way to see a quantitative vacuum measurement of a system is to look
at a dial and read it. This direct reading can be done with mechanical gauges. The
surface of mechanical gauges that come in contact with gases within a vacuum
system can be made out of metal or glass (borosilicate or quartz), both of which
can be fairly impervious to chemical attack.*

Mechanical gauges rely on diaphragms, bellows, Bourdontubes, and capsules
that are squeezed, pushed, pulled, twisted, and turned by the pressure on one side
of the device to the vacuum that is on the other within a vacuum system. Mechan-
ical gauges mechanically transfer this distortion to dials, mirrors, or pointers for
reading. Many mechanical gauge designs can be quite accurate with proper cali-
bration and monitoring^ For recording purposes, or to translate extremely minor
amounts of distortion into readable figures, a displacement transducer can be con-
nected to the moving part of a gauge.

The advantages of mechanical gauges are as follows:
1. Ease of use and the ability to read a positive and negative pressure.

2. The ability to provide a constant (as opposed to intermittent) reading.

3. The ability to provide continuous recording during use (if properly
equipped).

4. If the proper construction material is selected, there can be limited reac-
tion, or no reaction, between the gauge and materials within the vacuum
system.

The disadvantages of mechanical gauges are as follow:

If there is any doubt whether the gases in your system may attack the materials of the vacuum
gauge, ask the component's manufacturer.
1 For an unidentified type of quartz Bourdon manometer, an accuracy of about ±0.01% over 20% to

100% of its range, with regular recalibrations, has been reported.
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1. Their inability to read below approximately 10~2 torr (although very

accurate speciallydesigned mechanical gauges can read to approxi-

mately 10"4 torr).

2. They are sensitive to temperature changes and may be sensitive to pres-
sure changes.*

3. They are subject to the effects of hysteresis, or, rather, the tendency of
materials to "remember" distortions and not return to their original
shapes (mechanical gauges with glass distortion membranes will not
have symptoms of hysteresis). Hysteresis of vacuum gauges can be
diagnosed by the following symptoms:

(a) The sensitivity of the diaphragm may change with time.

(b) After prolonged use (especially with radical temperature and/or
pressure changes) the diaphragm will show signs of aging.

(c) The "zero point" often drifts.

Mechanical gauges can be easily attached onto metal vacuum systems, however,
due to the construction materials of mechanical gauges, it is often impossible to
make a direct seal onto a glass vacuum system. If necessary, a Swagelok® or
Cajon® Ultra-Torr® may be used for making a glass-to-metal seal (see Sec. 3.1.5).
The glass-to-metal seal may then be fused onto the vacuum system.

7.5.3 Cleaning a Mechanical Gauge45

There are two primary maintenance problems with mechanical gauges: dirt and/or
grease. Both are results of improper trapping. If you can see dirt or oil on the dial,
it is dirty and will require cleaning. (If you can't see any contamination, that
doesn't mean it's clean.) If your work has (or can create) particulate matter, install
line filters to stop materials before they can get into areas of the system that may
be damaged (such as mechanical pumps) or that are hard to clean (such as
gauges). If it is possible to open up the gauge, gently blow the particulate matter
away with a dry nitrogen spray. Do not use "plumbed-in" compressed air because
the gas from compressed air tanks always carry moisture and oil vapors.

Oil on the dial is indicative of oil migration from the pumping system. Improper
and/or inadequate traps or user error are to blame for this problem. Clean with an
appropriate solvent for the type of grease found. Rinse and dry the gauge before
reinstalling back onto the line. Methanol is a good final rinse as it dries quickly
and cleanly.

Most gauges are sealed to the outside world and thus should be unaffected by atmospheric changes.
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7.5.4 The Liquid Gauge Family

The liquid gauge family is identified simply as vacuum gauges that have some liq-
uid (usually mercury or a low-vapor-pressure diffusion pump oil) directly in con-
tact with the vacuum. The amount of liquid movement is directly proportional to
the force exerted on it, and the (measured) amount of movement is read as the
vacuum. Because mercury has traditionally been used for vacuum measurement,
the term "millimeters of mercury" is commonly used even with nonliquid gauges.

Low-vapor-pressure oils can be substituted for some operations, but calibrations
for density must be made so that their measurements can be interpreted as milli-
meters of mercury, torr, or Pa. Unfortunately, vacuum measurements can take a
considerable amount of time when using oil because it takes a long time for a film
of oil to settle from the walls of a manometer.

Despite the limitations and problems that the liquid gauge family presents, per-
haps the biggest problem with the liquid gauge family is that its members can be
very difficult to keep clean because the liquid is in direct contact with materials in
the vacuum system. As mercury becomes dirty or contaminated, it tends to stick to
the walls of glass tubing, thus decreasing its accuracy. As oil becomes dirty, its
density can change and may provide inaccurate measurements. Realistically
though, any vacuum system whose upper range is 10"3 torr is not likely to be sig-
nificantly affected by limited contamination.

On the other hand, a liquid trap is essential between any liquid vacuum gauge
and the manifold itself. The simplest accident can cause hours of needless delay
as the vacuum line is cleaned out. Normally a simple splash trap is sufficient (see
Sec. 7.4.6). Vacuum systems that go below 1(T5 torr should consider to have a
cold trap placed between their liquid vacuum gauges and vacuum systems. This
placement will keep vapors from contaminating either side of the system.

When a vacuum system is first started and brought from atmospheric pressure to
a vacuum state, parts within the vacuum system need to be outgassed. When liq-
uids are outgassed, they boil. This process needs to be done slowly, otherwise the
liquids will "bump" (boil) violently, possibly causing the mercury (or oil) to
splash across the system. This splashing could waste some time minimally by try-
ing to get the liquid back into the gauge, or more time by requiring the system to
be cleaned up; maximally, an extended period of time could be wasted by break-
ing the system. Therefore, slowly open the stopcock to your liquid manometer for
outgassing (Sec. 7.5.8 provides specific information on how to let the liquid out-
gas in a McLeod gauge). It is not necessary to open the stopcock all the way to
full open. If the stopcocks to the liquid vacuum gauge are kept closed to atmo-
spheric pressures, the outgassing process needn't be repeated. However, if the
gauge is brought to atmospheric pressure for an extended time (about a day),
gases can re-enter the gauge and the full outgassing process must be repeated.
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7.5.5 The Manometer
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Second only to the mechanical gauge as the easiest device to measure and read a
vacuum (and decidedly easiest in construction) is the liquid manometer (see
Fig. 7.37). A well-made mercury manometer, kept very clean, can measure vacu-
ums of up to 10"3 torr. This sensitivity can be increased by up to 15 times if a liq-
uid with less density, such as diffusion pump oil, is used. However, diffusion
pump oil is far more difficult to keep clean and can require either (a) a very tall
(and thereby impractical) column or (b) a manometer of very limited range. In
addition, because of the strong surface tension between diffusion pump oil and
glass, long waiting periods between readings are required as the oil settles into
place.

The mechanics of a U-tube manometer are simple: "The difference between the
levels of two interconnected columns of liquid is directly proportional to the dif-
ference between the pressures exerted upon them, assuming equal capillary
effects on both tubes."46 In practice, one end of a manometer is attached to an
unknown pressure, and the other end is attached to a reference pressure that is
known. For all practical purposes, the known value needs only to be a much
smaller order of magnitude than the unknown value.

By maintaining a manometer at a constant temperature, the liquid within will
maintain a consistent density. From 0° to 30°C the density of mercury changes
about 0.5%. Therefore, a consistent reading of accurate vacuums can only come
from a consistent room temperature. Manometer reading techniques (see
Fig. 7.38) are consistent and simple regardless of the design and type of manome-
ter. All that is necessary is some basic subtraction, a good metric ruler, and a
steady eye. The manometer is read by observing and measuring the difference of
the mercury column heights within the manometer.

To the system To the system

Open

Manometer

Closed
Manometer

Fig. 7.37 Open manometers are used to measure pressures relative to atmo-
spheric whereas closed manometers are used for pressures far smaller than
atmospheric. From Vacuum Science and Engineering, Fig. 3-1, by C. Van Atta, ©
1965 by McGraw-Hill, New York, reproduced with permission.



408 Vacuum Systems

Fig. 7.38 In this example, take the measurement from the closed side (439 mm)
of the manometer, and subtract from it the measurement from the side of the
manometer connected to the vacuum system (426 mm) to obtain the vacuum
reading (13 mm Hg). Remember, avoid parallax problems, and with mercury,
read the top of the meniscus.

The choice of mercury for manometers is often a matter of convenience, or
rather the acceptance of the least amount of inconvenience. Mercury has a rather
high vapor pressure (10~3 torr), but this vapor pressure is also at the upper ranges
of what can be read by a manometer. Low-vapor-pressure oils (as used in diffu-
sion pumps) can be used, but these oils wet the walls of a manometer and can take
a long time to settle before reading can be made. Mercury is fairly nonreactive and
retains a limited amounts of condensable vapors.

One of the biggest reasons why mercury is used is because it is a very heavy liq-
uid. Atmospheric pressure can only push mercury about 76 cm, while it pushes
water some 30 feet. Manometers using lighter-density liquids can be so tall they
become beyond inconvenient. Additionally, because mercury doesn't wet the
glass walls of the manometer, there is never a time lag for reading as there is with
oil.

Fortunately, the mechanics of reading manometers is generally irrelevant to the
amount of mercury (or any other liquid) within the device. Reading manometers
can be difficult because of parallax problems. This difficulty can be complicated
by the fact that manometers lack lines encircling them like burettes. Carroll
found that by placing graph paper behind a mercury manometer, it was possible to
see problems of parallax by the line's reflection off the glass and mercury (see
Fig. 7.39).

For very accurate manometer readings, the NIST (National Institute of Stan-
dards and Testing) has a compiled list of eight possible errors that can develop
while reading manometers.48 These errors introduce extremely small variations
and therefore are not included here. If you need to read a manometer to the sensi-



Vacuum Gauges 7.5 409

Eye
Below

Eye
Level

Eye
Above

Fig. 7.39 Using graph paper lines to help avoid parallax problems while reading
manometers. From the Journal of Chemical Education, 44, p. 763 (1967), repro-
duced with permission.

tivity required for these variations to show up, it is better to use a different gauge
type with higher sensitivity.

At first glance, it seems that one ought to be able to attach a vacuum line 77 or
78 cm above the lowest part of a gauge because at STP it is not possible for a vac-
uum to pull mercury any higher than 76 cm. While it is true that a vacuum cannot
pull mercury higher than 76 cm, momentum can. If the mercury is being out-
gassed or there is an unexpected pressure surge, momentum can carry the mercury
farther than your worst nightmares. Therefore, always include a liquid trap on all
liquid systems (see Sec. 7.4.6).

7.5.6 The McLeod Gauge
Rather than using mercury as a piston that is pushed about by the forces within a
vacuum system, the McLeod gauge traps a known volume of gas of unknown
pressure and compares it to a known volume of gas at a known pressure using
Boyle's law:

P0V0 = PtVf (7.13)

where Po is the original pressure

Vo is the original volume

Pf is the final pressure

Vf is the final volume.

The advantages of the McLeod gauge are as follows:
1. The wide range of pressures it can read.

2. Its great accuracy (McLeod gauges are used to calibrate electronic
gauges).

3. Readings are unaffected by the type of gas species within the system
(although condensable vapors can affect readings).

The disadvantages of the McLeod gauge are as follows:
1. It can only read the pressure at single points in time, not continuously as
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can mechanical or electronic gauges.

2. The McLeod gauge uses mercury, which can be a nuisance because the
gauge is difficult to clean and may be illegal in some areas. In addition,
backstreamed mercury can sometimes affect your work.

3. The McLeod gauge has no ability to compensate for condensable
vapors.

McLeod gauges are always made of glass. Figure 7.40 shows two typical
McLeod gauge designs. There are many different configurations and designs of
the standard McLeod gauge, but all have the same general configuration:

1. A lower bulb for mercury storage.

2. An upper bulb whose volume has been accurately determined.

3. One capillary tube extending from the vacuum bulb with its other end
fused shut (in Fig. 7.40 it is labeled Capillary B).

4. A second capillary tube (in Fig. 7.40, it is labeled Capillary A), both
ends of which are attached to a larger tube.

5. A larger tube which connects the McLeod to the vacuum system.

Ideally, the McLeod gauge should only be open to the system when a vacuum
reading is being made to limit the amount of mercury vapors back-streamed into
the vacuum system as well as the amounts of materials that drift into (and contam-
inate) the McLeod gauge from the system. The mercury in a McLeod gauge must
be kept clean because dirty mercury tends to stick on the walls of the capillary
tubing and leave trails that prevent accurate readings. It is much easier to keep the
mercury in a McLeod gauge clean than it is to clean the capillaries of a McLeod
gauge.

A liquid trap can be placed between the McLeod gauge and the rest of the sys-
tem to prevent mercury from accidentally spraying throughout your system. If you
do not want condensable vapors affecting the McLeod gauge readings or do not
want mercury vapors to enter your system, a cold trap can be placed between the
liquid trap (shown in Fig. 7.41) and the main vacuum line.

Unfortunately, placing traps between the McLeod gauge and vacuum system
increases the time needed to make a reading because the physical restrictions
decrease the throughput and increase the time for gas equilibration. The efficiency
lost by slower McLeod gauge readings (due to traps) must be balanced by other
needs such as limiting the amount of mercury that gets into your system and/or
keeping condensable gases out of the McLeod gauge.

An interesting problem occurs when a liquid nitrogen cold trap is placed
between the system and McLeod gauge. The cold trap becomes a cryopump and
draws mercury vapor from the gauge. This effect, called "mercury streaming,"
effectively limits the number of molecules that can enter the gauge (like salmon
trying to swim upstream), and inaccurately low readings may result. Only read-
ings in vacuums less than 10"4 torr are significantly affected, and atoms of higher
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Fig. 7.40 Two common configurations of the McLeod gauge.

molecular weights produce larger errors (i.e., xenon at 30% inaccurate read-
ings).49

7.5.7 How to Read a McLeod Gauge

There are two different methods of reading a McLeod gauge: One uses a linear
scale, whereas the other uses a square scale. Because the square scale is primarily
used, I will limit my explanation to its use. Refer to Fig. 7.42.

Always leave the stopcock leading to the McLeod gauge closed during experi-
mental work to limit contamination entering the gauge and mercury from entering
the system. When a pressure reading is desired, open the two-way stopcock that
separates the McLeod gauge from the vacuum system. After the reading is com-
pleted, return the two-way stopcock to its closed position. Once the two-way stop-
cock is opened, slowly and carefully open the three-way stopcock (Position 1) to
let mercury rise into the upper sections of the McLeod gauge by allowing atmo-
sphere into the lower portion of the gauge.
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A liquid or cold trap should be
placed between the McLeod gauge
and the system. A manometer only
requires a liquid trap.

To vacuum
pump

A trap placed between the McLeod
gauge and vacuum pump will prevent
mercury from being accidentally
sucked into the pump.

Fig. 7.41 Some traps should be placed between the McLeod gauge and the rest
of the system to prevent mercury from spilling into your system.

As mercury rises within the McLeod gauge, it is drawn up into the two capillar-
ies. At this point, it is important to keep your eye on the capillary that is open on
both ends (Capillary A). When the mercury gets closer and closer to the (inside)
top of the second capillary (Capillary B), place your finger on the end of the open
tube of the three-way stopcock to prevent air from entering the gauge. Your finger
can provide precise control of the incoming air. Once the mercury reaches the
height hlt stop the air from entering and make a reading. This method may take a
bit of practice, but it soon will become relatively easy.*

Once the mercury in Capillary A is the same height as the inside top of Capil-
lary B, reading the pressure is done by simply drawing a visual line from h2 (the
top of the mercury in Capillary B) over to the reading scale and reading your vac-
uum. In Fig. 7.42, the pressure is 0.04 |lHg, 4 x 10'5 mm Hg, or 4 x 10"5 torr.

After reading the pressure, rotate the plug of the three-way stopcock 180° to the
#2 position to draw the mercury back into the storage bulb. Once the mercury is
back in the storage bulb, turn the three-way stopcock 90° to a closed position.
Once a vacuum reading has been made, turn the two-way stopcock connecting the
McLeod gauge and the vacuum system 90° to a closed position.

Despite being used for the calibration of other gauges, McLeod gauges are not
perfect. There can be errors from physical limitations such as capillary depression
phenomena, sorption and desorption from the gauge walls, and gas condensation
within the gauge. Operator errors also exist such as difficulties of sighting the
mercury heights properly. At 10"4 torr, the accuracy of a McLeod gauge is ±3%.
Assuming no operator error, at 7.5 x 10"7 torr (the upper limits of a McLeod

If you overshoot the mark, simply turn the three-way stopcock to the #2 position for a moment
pulling the mercury level down. It is not necessary to bring the mercury all the way back to the stor-
age bulb, simply bring it below the /i, level.
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Fig. 7.42 How to use and read the McLeod gauge.

gauge), inaccuracy can be ±15%. Specially adapted McLeod gauges can have
their accuracy improved up to +0.9% and ±3.5%, respectively.

7.5.8 Bringing a McLeod Gauge to Vacuum Conditions

When first starting up a vacuum system from atmospheric conditions, do not
expose a McLeod gauge to a sudden vacuum. Opening up the wrong stopcock at
the wrong time can cause violent outgassing of the mercury. The mercury may be
inadvertently sprayed throughout your system (despite traps) with enough force to
break a line.

To bring a McLeod gauge to vacuum conditions and before turning the vacuum
pumps on, be sure that the two-way and three-way stopcocks are rotated to their
off positions. Then, turn on the vacuum pump and also do the following:
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1. Slowly open the two-way stopcock a small amount, allowing the mer-
cury to slowly rise from the storage bulb up to the bottom of the second
bulb, then close the stopcock.

2. Slowly open the three-way stopcock to evacuate the McLeod gauge,
drawing the mercury back into the storage bulb.

3. Repeat steps 1 and 2 several more times until the mercury enters the
upper bulb very slowly and evenly. The number of repetitions is directly
related to the volume of your system. Thus, the larger your system, the
more repetitions of steps 1 and 2 will be required.

7.5.9 Returning a McLeod Gauge to Atmospheric Con-
ditions

If you must return a McLeod gauge to atmospheric conditions, such as would be
necessary for periodic regreasing of the stopcocks, the following procedures
should be observed:

1. Slowly open the two-way stopcock (to system) allowing mercury into

the McLeod gauge.

2. Close the two-way stopcock.

3. Open your system to the atmosphere.

4. Partially open the three-way stopcock to the atmosphere (Position 1).

5. Slowly open the two-way stopcock, letting the mercury fall back into the
storage bulb.

7.5.10 The Tipping McLeod Gauge

Figure 7.43 shows a tipping McLeod gauge. All of the same components found in
a standard McLeod gauge are there (except the three-way stopcock), but in a sig-
nificantly different configuration. It is much easier to use this gauge than to use a
standard McLeod gauge, but it is less accurate and cannot read as low a vacuum.
Depending on the design, its lowest reading is from 0.050 to 0.001 mm Hg.

The tipping McLeod gauge can be mounted directly onto a vacuum system or
can sit on a metal stand and connect to a vacuum system via a flexible vacuum
hose. Regardless of the mounting technique used, there should be a two-way stop-
cock between the gauge and vacuum system that allows the user to shut off the
McLeod gauge when it is not in use. This configuration limits the amount of mer-
cury that backstreams into the vacuum system and the amount of material from
the vacuum system that drifts into the McLeod gauge.

To operate the tipping McLeod gauge (see Fig. 7.44), do the following:
1. Open the two-way stopcock separating the gauge and vacuum system

(not shown in Fig. 7.42).
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Fig. 7.43 The tipping McLeod gauge.

2. Rotate by hand the gauge from the rest position to the vacuum measure-

ment position.

3. Read Capillary B just as in Fig. 7.42.

4. After the measurement is read, release the gauge and it will rotate back
to the rest position by itself.

5. Close the two-way stopcock off.

Do not let a tipping McLeod gauge flop around too freely. Although the stop-
cock grease will cause some amount of drag, twisting the gauge too quickly from
one position to another is likely to cause the mercury to spill into the closed capil-
lary, where it can be difficult to remove. When the stopcock to the tipping
McLeod gauge is closed, you are depending upon the static vacuum to keep the
gauge attached to the line. There are metal clips that do assist this connection, and
they should be used to help prevent accidental removal of the gauge from the line.

Rest position

Fig. 7.44 How to use a tipping McLeod gauge.

Vacuum measurement
position
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7.5.11 Condensable Vapors and the McLeod Gauge
Condensable vapors are gases near their condensation temperatures or pressures.
In the low pressures of a vacuum system they are gases. Examples of fluids that
form condensable vapors at STP are water, alcohol, and mercury.

The McLeod gauge works on the ideal gas law principle that the pressure of a
gas increases proportionally as its volume decreases. However, condensable
vapors do not obey the ideal gas law and therefore, under standard use, the
McLeod gauge cannot accurately measure them. Obviously, condensable gases
with low vapor pressures at STP do not affect the readings of McLeod gauges sig-
nificantly enough to alter the validity of the readings.

When a two-way stopcock is opened, all the gases (condensable and non-con-
densable) within the vacuum system can pass into the McLeod gauge, the vacuum
bulb, and Capillary B. When the three-way stopcock is rotated, the gases that were
in vacuum are brought to atmospheric pressures. Any condensable gases that
"condense" at higher pressures will occupy less space. This "less space" will
show up as a better-quality vacuum than really exists within your system. The
McLeod gauge will indicate a lower reading equal to the vapor pressures of the
condensable gases at their ambient temperatures.

To determine whether your readings from a McLeod gauge are being affected
by condensable vapors, take measurements of hl and h2 for three to four levels
(see Fig. 7.45). If the product of (h2 - hx)h2 is not the same but (h2-hx) = P (a con-
stant) seems to hold, then you have at least one condensable vapor present.* With
accurate measurements, Wear found it possible to identify the condensable
vapors, estimate their concentrations, and determine the vacuum system pressure
and partial pressure due to noncondensable gases. To avoid condensable vapor
problems in McLeod gauges, limit the amount of condensable vapors that enter
the McLeod gauge by using chilled or chemical vapor traps.

7.5.12 Mercury Contamination from McLeod Gauges
There are two mechanisms for contamination from McLeod gauges: (1) contami-
nation which is backstreamed into the system from the McLeod gauge and (2)
contamination which comes from the McLeod gauge storage bulb during the
evacuation process.

Research by Carstens, Hord, and Martin52 displayed a relatively high level of
mercury being pumped out of a McLeod gauge during the evacuation process.
Typical readings (in mg/m3) were

Residual level 0.2

Evacuating reservoir 0.4

* To make these measurements, a special vacuum system is required. A complete derivation of the
formulas and procedures can be found in the book The Design of High Vacuum Systems and the
Application of Kinney High Vacuum Pumps by CM. Van Atta, © 1955 by Kinney Manufacturing
Division, New York Air Brake Company.
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Fig. 7.45 By making linear measurements as the mercury rises within a McLeod
gauge, it is possible to determine whether there are condensable vapors within
the McLeod gauge.

However, once a layer of low-vapor-pressure oil was added to cover the mer-
cury in the storage bulb, the readings went down by a decade:

Residual level (with oil) 0.02

Evacuating reservoir (with oil) 0.05

The research authors pointed out that because the levels were erratic and low,
the actual health dangers were also rather low.

One should also remember that the oil within the mechanical pump also
becomes a trap for emitted mercury vapors. However, the mechanical pump
becomes only a temporary trap for the vapors. Once in the pump, the mercury col-
lects in little pools and is slowly emitted into the atmosphere. It has been observed
that pump performance is impaired by mercury pools (found within the mechani-
cal pump) by the author's personal observation.

Stopping mercury migration into a system can be achieved by placing a cold
trap between the gauge and system. Stopping mercury contamination from a
McLeod gauge's storage bulb can be achieved with a thin layer of low-vapor-pres-
sure oil over the surface of the mercury. This oil will not affect the gauge's perfor-
mance in any way.

7.5.13 Cleaning a McLeod Gauge

Invariably, the mercury within a McLeod gauge will get dirty. The telltale evi-
dence is when the mercury does not cleanly run down the glass tubing and/or you
see a film on the surface of the mercury. Traps are the best way to avoid this prob-
lem.

A McLeod gauge must be removed from a system when it is being cleaned. This
removal probably will involve the talents of a glassblower. The mercury should be
carefully poured out of the gauge and sent to a mercury distiller for cleaning. The
grease should be removed by an appropriate solvent. Silicon grease should never



418 Vacuum Systems

be used on a McLeod gauge because it requires far too much maintenance and
replacement.*

Dissolve any mercury remaining in the gauge with nitric acid. Heating the nitric
acid will facilitate the cleaning^ Use gloves and work in a fume hood! After
draining and thorough rinsing with tap water, there should be a final rinse with
distilled water. If you choose to extend the process one more step with a methanol
rinse to facilitate drying, be sure that all the nitric acid has been removed because
the acid is not compatible with organic materials.

It can be very difficult to get liquid into various parts of a McLeod gauge
because of the closed capillary tubing. One solution to this problem is to use a
vacuum cleaning setup as shown in Fig. 7.46. A Teflon stopcock is used because it
requires no grease.

When the stopcock shown in Fig. 7.46 is turned to one position, a vacuum will
be created in the item to be cleaned. Rotating the stopcock 180° will allow the
cleaning or rinsing solution to be drawn into the piece. Then by rotating the stop-
cock one more time while holding the item in a draining position, the liquid can
be removed into a filter flask.

Do not break apart a McLeod gauge for easier cleaning. The calibration of the
various parts is extremely accurate. Some McLeod gauges have sections that are
intended to be dismantled and have ground glass joints between sections. Some
tipping McLeod gauges have plastic end caps (on the closed tubes) to facilitate
cleaning.

three-way
Teflon stopcock

item

cleaned

Filter
flask

Heavy walled
tubing

Fig. 7.46 Vacuum apparatus for cleaning hard-to-clean apparatus.

* Silicone stopcock grease requires cleaning and replacement every month or two whether the stop-
cock is used or not (see page 198).
+ Nitric acid containing mercury is a toxic waste. It must be saved and disposed of under proper con-
ditions and with licensed firms.
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7.5.14 Thermocouple and Pirani Gauges

Thermocouple and Pirani gauges both use the physical characteristic of heat
(within a vacuum) to infer the amount of vacuum within a system. If an object is
hot, the only way it can cool down is to transfer its heat to the surrounding area by
conduction or radiation. The standard way this transfer happens is that the object
conducts its heat through the air (and anything else it is touching) and radiates its
heat with IR radiation to other surfaces. In a vacuum, there is less air through
which a hot object can conduct its heat, and therefore it can only lose heat through
conduction of the remaining air and IR radiation. Both gauges have fast response
times and are excellent for determining pressures between 1 and 10"3 torn They
also can be used in leak detection (see Sec. 7.6.9).

Thermocouple and Pirani gauges both have filaments within them that are
exposed to the vacuum of the system. These filaments are always under small,
constant electric loads and, because of their resistance, they get hot. At higher
pressures, the air/gas in the system conducts all the heat from the wire. As the vac-
uum increases, less heat can be lost through (air/gas) conduction, and more heat is
then maintained by the wire. Once the vacuum is high enough, heat is lost prima-
rily by conductance from the wires holding the filament and IR radiation, thus cre-
ating the lower limits of the gauge.

Both gauges are dependent on the thermal conductivities of the gases that sur-
round them. Because different gases have different thermal conductivity, different
gases will indicate different values for the same pressure. It is possible to adjust a
gauge reading to a "calibrated accurate" pressure if you know the constant with
which to alter the gauge reading. The real vacuum can be determined with Eq.
(7.14) and the appropriate sensitivity constant. For a list of sensitivity constants,
see Table 7.12. It is impossible to achieve either gauge's potential accuracy when
measuring a vacuum system filled with unknown gases.

Pressure = Gauge reading
Sensitivity constant

Electrical Warning: These types of gauges generally do not use high voltage.
They do, however, use 110- tol20-V current, which means that common sense
should be observed. For instance, do not pull on a cord when unplugging, but
instead pull on the cord outlet. Avoid spilling conducting liquids around the
gauges. All pieces should be grounded. If the unit has a three-pronged outlet, do
not cut the ground off or bypass the ground by using a two-pronged extension
cord. Unplug the unit if repair needs to be done. Replace worn and/or frayed cords
immediately. Cover all bare (exposed) electrical leads with tape, tubing, shrink
tubing, or plastic screw caps. In addition, keep flammable liquids or gases away
from electrical devices in case of any sparks and/or electrical arcs.
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7.5.15 The Pirani Gauge
The Pirani gauge uses the principle that (usually) the hotter a wire gets the greater
its electrical resistance. Therefore, if the resistance of a wire is going up, it must
be getting hotter. This relationship implies that less air/gas is available to conduct
heat away from the wire, and therefore a higher vacuum is being achieved.

The accuracy of a Pirani gauge is typically ±20%, although an individual
(clean) gauge properly used over a two-year period may show a sensitivity drift of
only 2%.53

One immediate complication of the Pirani gauge is ambient temperature: As the
room temperature gets hotter, the filament gets hotter, making the gauge read a
false "better vacuum" To solve this problem, a dummy filament is included in the
Pirani gauge. The dummy filament is evacuated and sealed off (at a lower vacuum
than what is likely to be used with the Pirani gauge) and is used as a standard to
help calibrate a zero point.

An electrical diagram for a Pirani gauge is shown in Fig. 7.47, where V and D
comprise the Pirani tube. D is the dummy filament tube that is sealed off, and V is
the tube that is exposed to the vacuum system. The filaments in the V tube are
connected to a bridge circuit called a Wheatstone bridge with two resistance units
called Rj and R2. Power from the power supply passes across the Wheatstone
bridge and is adjusted to the proper setting by R3, whose value is read on the mil-

Table 7.12 Properties of Various Gases0

Gas

Air

Butane

Carbon monoxide

Carbon dioxide

Helium

Hydrogen

Krypton

Mercury (vapor)

Neon

Nitrogen

Xenon

Sensitivity
Constant*

1.00

2.5

1.00

1.10

1.00

1.30

0.45

0.34

0.90

1.00

0.35

Viscosityc

1.80

145

194

87

310

173

Thermal
Conduct! vityrf

0.057

0.034

0.344

0.416

0.110

0.057

" Adapted from Spinks, Vacuum Technology, Franklin Publishing Co., p. 22, and from Guthrie, Vac-
uum Technology, John Wiley & Sons., p 504 (1963).

* Sensitivity constant: These constants are accurate ± 10% over any given range of pressures.
c Viscosity: At 15°C, given in micropoises.
d Units are 103AT, where K = thermal conductivity at 0°C, cal/cm/sec/°C.
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liammeter M2. The current read on Mj is proportional to the vacuum. An ammeter
will read the current, which is proportional to resistance in ohms.

To set a Pirani gauge, the vacuum on V is set to a pressure lower than what the
gauge can normally read. Next Ml is set on its zero point by adjusting the resis-
tance of R2. Thereafter Mj will give proper readings as the pressure is raised to the
range of the gauge.

The advantages of a Pirani gauge are as follows:
1. It has a rapid response to changes in pressure.

2. The electrical circuitry in the gauge leads to easy adaptation to record-

ing, automatic devices, and computer sensing.

3. Electrically it is very simple.

4. It measures the pressure of permanent gases as well as vapors.

The disadvantages of a Pirani gauge are as follows:
1. Because not all gases have the same thermal conductivity, different

gases will provide different pressure readings for the same pressure.

2. It is limited to the pressure range of about 10"1 to about 10~4 torr.

3. If there is any change in the filament wire's surface condition within the
Pirani gauge, there will be a change in the heat loss. This change will
result in a change of the gauge calibration as well as a change in the
zero.

7.5.16 Cleaning Pirani Gauges

If a Pirani gauge becomes contaminated with backstreamed oil, rinsing the gauge
with a suitable solvent should be sufficient. Be sure to rinse with distilled water
followed by a methanol rinse. Be gentle with the gauge so as not to break the
internal wire, which is fragile. Cleaning is likely to change the calibration, so be
prepared to recalibrate the gauge after cleaning.

D

Supply

Fig. 7.47 Pirani gauge schematic.
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7.5.17 The Thermocouple Gauge
The thermocouple gauge is more straightforward than the Pirani gauge and less
complicated electronically. The thermocouple gauge has a thermocouple attached
to a filament under constant electrical load, and it measures the temperature at all
times. If the filament becomes hotter, it means that there is less air/gas available to
conduct heat away from the wire, and therefore there is greater vacuum within the
system.

There are two different types of thermocouple gauges: One has three wires and
the other has four. Both have a dc meter (or voltmeter) that reads the voltage from
the thermocouple. The three-wire unit uses ac to heat the filament wire, whereas
the four-wire unit may use ac or dc. Although there are essentially no differences
in performance between the two, they will likely require different controllers (or
different settings) for use.

The advantages of the thermocouple gauge are fairly consistent with the four
stated for the Pirani gauge with a few exceptions:

5. Thermocouple gauges can be made smaller and are more rugged than
Pirani gauges.

6. Although the thermocouple gauge is subject to the same variations in
apparent readings from real pressure (because of variations in the ther-
mal conductivity of different gases), the differences are less apparent
than the Pirani gauge.

The disadvantages of the thermocouple gauge are somewhat different from
those of the Pirani gauge:

1. Because not all gases have the same thermal conductivity, you will get
different pressure readings for the same pressure with different gases,
although the differences for the thermocouple gauge are not as great as
those for the Pirani gauge.

2. It is limited to the pressure range of about atmospheric to about 10"3 torn

3. The thermocouple gauge scale is nonlinear, but the readings can be
accurately interpreted by the controller.

4. A thermocouple gauge should not be placed on any system with mer-
cury unless there is strict controls set to trap and prevent the mercury
from reaching the gauge. The reason for this is that the mercury can
contaminate the wires of the thermocouple gauge and create false read-
ings of a (virtual) leak (see Sec. 7.6.4).

Physical abuse, improper cleaning, and age can all cause a thermocouple to
break. The symptoms may either be no response to the controller or a jerky
twitching of the controller's needle. In either case, the thermocouple is not likely
repairable and a new one will be necessary.
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7.5.18 Cleaning Thermocouple Gauges
The thermocouple gauge is more durable than the Pirani gauge, which means that
after you pour in the appropriate solvents for cleaning, you can shake the gauge
for cleaning agitation. This cleaning procedure should be followed by rinses of
water, distilled water, and, finally, methanol. There is no viable cleaning technique
to remove mercury from a thermocouple gauge.

7.5.19 The lonization Gauge Family
All previously mentioned gauges require a certain level of particle density for
operation. Once the level of particle density has dropped below a certain level
(approximately 1018 particles/m3), it is not possible to detect transfer of momen-
tum forces either from gas to solid wall or from gas to gas. On the other hand, it is
possible to ionize gas particles and then "count" the ionized molecules.

A molecule in a "normal" state has a neutral charge; there is an equal number of
electrons and protons. If you subject the molecule to a high amount of energy and
knock out one of the electrons, the molecule is now ionized with a positive charge.
This charge allows you to force the molecule to travel, bend, be focused (if neces-
sary), and be counted. The number of (positive) ions created is always directly
proportional to the molecular number density. It is only proportional to the pres-
sure if the temperature is known and kept constant, and the type of gas being ana-
lyzed has known calibration constant for the type of gauge you are using.

There are essentially two types of ionization gauges used in the laboratory: The
hot- and the cold-ion gauges. A third type, the radioactive ionization gauge, is so
limited in both scope and use that it will not be discussed in this book.

The concept of the ionization (ion) gauge is quite simple. Under a given electri-
cal load, the available gas within the vicinity of the vacuum gauge is ionized
either by heat or by a high-field (electrical) emission. Then, the ionized gas is col-
lected and counted. From this count you can interpret what you have read as a
unit(s) of vacuum and thereby infer the vacuum within the system.

One ironic peculiarity of ion gauges is that the ions collected by the gauges for
counting are not re-released to the vacuum system and therefore are bound up as
in getter pumps. Therefore an ion gauge also acts as a pump. This feature itself
sounds great: What vacuum system couldn't use a little extra pumping? However,
this feature adds an accuracy problem because there is no way of knowing
whether the vacuum within the confines of the gauge (where active pumping is
going on) and the vacuum within the rest of the system is the same. Thus, to main-
tain accuracy between the pressure within the gauge and within the system, the
gauge should not be left on for extended periods of time and the gauge should be
connected to the system with large-diameter tubing. This setup decreases the
opportunities for a pressure gradient to be established and facilitates equalization
between the gauge and the system if a gradient condition occurs.

Hot-cathode gauges are considered fast pumps, but cold-cathode gauges pump
10 times faster. At 10"10 torr there are only 106 molecules per cubic centimeter. If
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a hot-cathode gauge's volume is 100 cm3, 1% of the gas within the gauge is
removed every second!54 It has been shown that if the conductivity of the connect-
ing tube is >10 liters/sec, these affects are negligible.

If you are concerned specifically with accuracy, hot-cathode gauges show
greater accuracy and reproducibility. However, it must be operated by an experi-
enced technician in controlled conditions with repeated backing and degassing.
Otherwise, the cold-cathode gauge will provide greater accuracy without constant
attention. This is mostly attributed to the how the electrodes of the hot-cathode
gauge do get hot during operation which in turn provides some incidental outgas-
sing. The cold-cathode gauge operates at room temperatures and has no incidental
outgassing.55

Electrical Warning: Ion gauges require high voltage, so common sense must
be observed. For instance, do not pull on the cord when unplugging a gauge from
a wall outlet, but instead pull on the electrical plug. Avoid spilling conducting liq-
uids around the gauges. All pieces should be grounded; and if the unit has a three-
pronged outlet, do not cut off the ground or bypass it. Be sure to unplug the unit if
it is being repaired. Replace worn and/or frayed cords immediately. Cover all bare
(exposed) electrical leads with tape, tubing, shrink tubing, or plastic screw caps.
Keep flammable liquids or gases away from electrical devices in case of sparks
and/or electrical arcs. Because of the high voltages possible with ion gauges, dirt
(and even fingerprints) can cause unexpected arcs. Therefore, keep the gauge sur-
face clean. Turn off the gauge and its controller when helium leak testing because
a discharge can be created around high-voltage feedthroughs, which in turn can
destroy the gauges controller. Likewise, turn off the gauge and controller when
checking for leaks on a glass system using a Tesla coil. The discharge can destroy
the electrical circuits within the controller. Finally, if your vacuum system is
mounted on a metal rack, ground the rack with grounding strap (braided copper-
plated wire) to plumbing or some other substantial ground. For proper contact, file
off any paint or corrosion on the rack and the ground before attaching the ground-
ing strap with a threaded hose clamp.

7.5.20 The Hot-Cathode Ion Gauge
The most common hot-cathode ion gauge (and the most common high-vacuum
gauge used) is the Bayard-Alpert gauge. It can read vacuums between 10~3 and
10"10 torr. With special gauges, readings as low as 10"14 torr can be obtained. A
diagram of its general structure is shown in Fig. 7.48. The hot-cathode gauge
operates by heating a filament, which causes an emission of electrons. These elec-
trons are attracted to a grid which is held to a high (+) potential that attracts the (-
) electrons. As electrons stream toward the grid, they collide with the gas mole-
cules enroute, ripping off an electron and creating positive ions. The positive ions
are attracted to the ion collector, collected, and counted. The positive ion current
is measured in amperes from the gauge tube, but the hot-cathode gauge controller
then interprets this count as vacuum reading. Hot-ion gauges are designed to be
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Fig. 7.48 The Bayard-Alpert hot-cathode gauge. From Fundamentals of Vacuum
Science and Technology, p. 92, by G. Lewin, McGraw-Hill, New York, 1965, repro-
duced with permission.

gas-specific* Currently, the gauges are accurate to within ± 20% for their specific
gas type.

Early versions of the hot-cathode ion gauge used a large cylinder for the ion col-
lector. This design was limited to a vacuum measurement of only approximately
10"4 torr. Nottingham56 proposed that when electrons struck the grid, soft X-rays
were created. The X-rays then struck the large ion collector cylinder, which in
turn caused photoelectrons to flow back to the grid. This action created a current
in the external circuit of the ion gauge that was indistinguishable from the ion
flow. Thus, the gauge was actually reading lower vacuums, but the excess elec-
tronic noise was masking the reading and producing artificially higher readings.
By decreasing the size of the ion collector, Bayard and Alpert significantly
decreased the electronic noise, vastly improving the quality and accuracy of the
hot-cathode ion gauge.

The standard material used for filaments within a hot-ion gauge is tungsten.*
Unfortunately, a tungsten filament can easily burn out if a gauge is turned on
when the pressure is too high within a system. Because of this idiosyncrasy, a
thermocouple or Pirani gauge may be connected to a relay that shuts off power to
the ion gauge if a loss of vacuum is detected. This addition is strongly recom-
mended. (Some controllers provide automatic switching between a thermocouple
and an ion gauge to allow for continuous readings between atmospheric and 10~10

torr.)

* Most gauges are designed to read specific pressures in nitrogen atmospheres.
f Tungsten filaments can create large quantities of CO and CO2 during operation, which may, or may
not, affect your work. It is possible to obtain Bayard-Alpert gauges that can be preheated, or baked
out, prior to use to limit this problem.
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Another common filament material used in hot-cathode ion gauges is thoriated
iridium (ThO2 on iridium). These filaments are used if there is any likelihood that
the system will be exposed to accidental bursts of atmosphere. However, if
exposed to hydrocarbons or halocarbons, their emissions can radically change.
Use of a silicon oil in the diffusion pump is required with these filiments. Recali-
bration of these filaments is constantly required.

Studies by McCulloh and Tilford57 found that dual tungsten filaments exhibited
better linearity and also exhibited sensitivities which were in closer agreement to
those stated by the manufacturer. Filaments made out of thoriated iridium demon-
strated linearity differences as great as 30%. These differences were evident in
standard as well as nude gauges.*

Sensitivity variations can be due to (at least in part) the proximity of the top of
the filament to the cylindrical envelope of the grid spiral (Hirata et al.).58 This sen-
sitivity is why (in part) gauges should not be roughly handled or dropped. If the
filament changes its location within the gauge, the readings will vary from what
they were before the mishandling. Any data that were obtained before such an
incident may then need to be redone or re-calibrated to agree with later data.

Magnetic fields, depending on their strength and orientation, can also influence
ion gauge readings. Studies by Hseuh59 showed that a magnetic field can change
an electron's path even though changes in the collection of ions were negligible. A
magnetic field has the least effect when it is parallel to the gauge. It has the great-
est effect when the gauge is perpendicular to the magnetic field. However, the
alignment of the electric field relative to a magnetic field is complicated. Opti-
mally, it is best to keep magnetic fields away from Bayard-Alpert gauges.

There are several general rules to follow that will make the operation of a hot-
cathode ion gauge as trouble-free as possible. Implementation of these rules can-
not guarantee success, but ignoring them will ensure problems:

1. Always connect the gauge as close as possible to the area where mea-
surements need to be made. The farther away the gauge is from the
point of measurement, the longer the lag time before the system and the
gauge come to equilibrium. The greater the vacuum (> 10~5 torr), the
more pronounced this effect.

2. On glass systems, the ion gauge is attached to the line by a connecting
piece of glass, a glass to metal seal, or some type of Swagelok®.
Regardless of how the gauge is attached, try to keep this connection as
short as possible with as large a diameter of tubing as possible (>1
inch). Do not use any connection with a smaller diameter than that sup-
plied on the gauge. A cold trap placed between the gauge and line will

* A "nude" gauge has no protective cover and, rather than being attached to a vacuum system, it is
mounted in the vacuum system. This difference prevents any lag in response time from pressure
variations through a tube and eliminates the effects of ion-gauge pumping. The main disadvantage is
that there is no way to shut off the gauge from the line itself, so there is no way of protecting the
gauge from any potential contaminating materials. Nude gauges are not available for glass systems.
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help protect the gauge from condensable vapors. However, it will indi-
cate pressures lower than really exist within your system due to the
cryogenic pumping capabilities of the cold trap. In addition, it will also
slow the speed required for the system and the gauge to come to equi-
librium.

3. On metal systems, you have two choices: Connect the ion gauge by con-
necting tubing (same tubing size rules apply from Point 2), or use a
nude gauge.

4. The ion gauge is gas- (see Table 7.13) and temperature-dependent.
Therefore, if your lab has temperature swings and/or you vary the gases
within your system, constant recalibration may be required. Table 7.13
(and others like it) can only provide a benchmark for making correc-
tions because your system is not likely to have pure gas samples. In
addition, variations between gauges of the same type (but from different
manufacturers) can be quite large while the differences between gauges
of different designs can be phenomenal. For the most accurate interpre-
tation of your gauges readings, obtain calibration tables from the
gauges manufacturer.

5. Never turn a gauge on until the pressure is below 1 um or less. You must
have a second gauge for higher pressures (for example, a Pirani or ther-
mocouple gauge).

6. The hot-cathode gauge must be outgassed every time the gauge is
exposed to the atmosphere for an extended period of time, or at pres-
sures near the base pressure of operation (10~5 torr). The outgassing
cannot be done at any higher pressure than 10"5 torr, and it can be per-
formed either by providing a current to the grid within the gauge (which
can often be supplied by the gauge controller) or by electron bombard-
ment. Note that some gauges can only be resistively heated or electron
bombardment degassed. Gauges that require outgassing will read a
pressure higher than really exists. The amount of error is dependent on
the degree of outgassing required.

Regardless of the outgassing approach used, filament temperatures of about
800°C are required. Initially, a new gauge may need to be outgassed for some 15-
20 minutes. If a gauge is showing evidence (i.e., dirty electrodes) that outgassing
may be required again, some 15 seconds should suffice. During degassing, the ion
gauge envelope becomes very hot. Be sure that the gauge is mounted in such a
fashion that accidental contact with technicians or flammable materials is not pos-
sible.

If a gauge is outgassed at too high a pressure, a layer of metal (from the elec-
trodes) may be deposited outside the gauge envelope (some controllers prevent
degassing at too high a pressure). This condition can cause the insulation to
become "leaky." A temporary solution can be achieved by grounding the electrical
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leads and running a Tesla coil on the gauge. However, it is best to simply replace
the gauge.60

7.5.21 Cleaning Hot-Cathode Ion Gauges61

The cleaning technique used for hot-cathode ion gauges depends on the shape,
structure, and composition of the gauge. Hot-cathode gauges are so sensitive that
any cleaning will alter or damage the sensitivity of the gauge. You can minimize
gauge damage if the cleaning is performed by electrical heating while the gauge is
in a high-vacuum condition. This heat cleaning or baking out can be done by
grounding the ion collector and applying a Tesla coil to each of the electrodes
within the gauge. Important: Be sure that the controller is off when doing this
operation. Otherwise the charge from the Tesla coil may destroy the controller.

Chemical cleaning requires the removal of the gauge from the system and a
general (gentle) rinsing with distilled water. If the gauge has a deposit that is blue
or silver gray, the contamination is probably tungsten oxide or molybdenum
oxide. This deposit can be cleaned as follows:

1. Soak the gauge in a 10-20% sodium carbonate solution. Gently heating
the solution to 30°C will accelerate the cleaning process, which should
take about 15 minutes.

Table 7.13 Thermionic Ionization Gauge Sensitivity/'
Relative to that for Nitrogen*

Hydrogen

Helium

Neon

Nitrogen

Argon

Carbon monoxide

Carbon dioxide

Water vapor

Oxygen

Krypton

Xenon

Mercury vapor

Narcoil-40 vapor

0.47

0.53

0.16

0.24

1.00

1.19

1.07

1.37

0.89

0.85

1.9

2.7

3.4

13

° True gauge sensitivity is type- and model-specific. Accurate sensitivity tables for your gauge
should be supplied by the manufacturer. This table is supplied for reference only.
* Reprinted from Vacuum, Vol. 13, H.A. Tasman, A.J.H. Boerboom, and J. Kistemaker, "Vacuum
Techniques in Conjunction with Mass Spectrometry," © 1963, p. 43. with kind permission from
Elsevier Science Ltd, The Boulevard, Langford Lane, Kidlington OX5 1GB, UK.
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2. Rinse with copious amounts of water, then let the gauge soak for about a
half-hour filled with distilled water. Repeat the distilled water soak two
more times.

If the deposit is brown, the offending contamination is probably cracked hydro-
carbon vapor. This deposit can be cleaned as follows:

1. Soak the gauge in a 10% solution of potassium hydroxide and let it stand
for about a half-hour. This soaking may have to be repeated with a fresh
potassium hydroxide solution.

2. If there is a discoloration of the electrodes, gently shake some hydrogen
peroxide in the gauge until the discoloration disappears.

3. Water spots can be removed with an oxidizer such as any substitute for
chromic acid (see Sec. 4.1.9). Do not use chromic acid because it is a
toxic waste.

4. Rinse with copious amounts of water, then let the gauge soak for about a
half-hour filled with distilled water. Repeat the distilled water soak two
more times.

7.5.22 The Cold-Cathode Ion Gauge

The cold-cathode [a.k.a. Penning gauge, Philips gauge, or PIG (Philips ionization
gauge)] requires a high-potential field for removing electrons from the (cold)
cathode. This same principle is used in the magnetron and the inverted magnetron.
In the cold-cathode gauge, the center loop is an anode (see Fig. 7.49) and it is
maintained at a very high electrical potential (2-10 kV). The two plates are cath-
odes and are grounded. Electrons travel from the cathodes to the anode, ionizing
molecules on their way. A U- or circular-shaped magnet is placed over the cath-
odes. The magnetic field formed by the magnets forces the electrons to take a
longer route than they otherwise would.* Thus, they come into contact with a
greater number of gas molecules and create a greater number of ions.

H

Magnetic

field

\7

Fig. 7.49 Basic electrode layout of the Penning gauge. From Fundamentals of
Vacuum Science and Technology, by G. Lewin McGraw-Hill, New York, 1965
(Fig. 5-4), reproduced with permission.

* At 10~10 torr, it can require 20 minutes for an electron to travel from the cathode to the anode.
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The range of the cold-cathode gauge is about 10"2 to 10"10 torr. Initiating the dis-
charge within the cold-cathode gauge at lower vacuum ranges (>106 torr) is typi-
cally fast, within seconds. However, at lower pressures (10~8 to 10"10 torr) it can
take hours for the discharge to begin. You may wish to start your cold-cathode
gauge at higher pressures and leave it on as the pressure drops to maintain the dis-
charge.

The cold-cathode gauge can act like a sputtering ion pump just as the hot-cath-
ode gauge. However, it can pump nitrogen 10-100 times faster than a hot-cathode
gauge. A cold-cathode gauge can pump nitrogen at rates of 0.1-0.5 liters/sec.
Thus, if the connection tube to the gauge is too small in diameter, the gauge will
remove the nitrogen from the area of the gauge faster than the system can equili-
brate. The gauge will then read a greater vacuum than actually exists within the
system.

Like a hot-cathode gauge, the cold-cathode gauge can be maintained longer
between cleanings if a cold trap is placed between the gauge and the system.
However, the gauge will indicate pressures lower than really exist within your sys-
tem due to the cryogenic pumping capabilities of the cold trap. In addition, it will
also slow the speed required for the system and the gauge to come to equilibrium.
When installing the gauge, do not position the opening of the gauge to face the
cold trap because momentary warming of the trap will cause evaporating frozen
material to contaminate the gauge. When mounting the gauge on a vacuum sys-
tem, be sure to angle the gauge so that the opening faces down. This angling will
prevent particulate matter from falling into the gauge.

Do not leave the gauge on for extended periods of time, especially when the
pressure is only about 10~2 torr. Otherwise the gauge can contaminate quickly.
Likewise, do not let the gauge run continuously while the system is roughing
down. Brief use will limit the effects of the pumping action of the gauge.

7.5.23 Cleaning Cold-Cathode Ion Gauges63

Some cold-cathode gauges can be taken apart. If you have one of these gauges, it
is possible to carefully sand any surface contamination off the grid with a fine-
grade glass-sanding paper (do not use a metal file that could leave metal filings
within the gauge. These filings can cause major problems during use). The gauge
should then be rinsed with appropriate solvents followed by rinses of distilled
water and then methanol. After the gauge is reassembled, be prepared to realign
the magnet (follow the manufacturer's guidelines).

If your gauge is glass-bodied, it cannot be taken apart and you are limited to the
chemical cleaning processes mentioned for the hot-cathode ion gauge.

7.5.24 The Momentum Transfer Gauge (MTG)
The momentum transfer gauge (MTG) was first developed as a lab curiosity in
1962. It uses the principle of gas viscosity to slow a spinning ball bearing that is
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levitated by magnetism. The levitated ball is rotated at speeds of up to 100,000 rps
and then allowed to coast. The only mechanism used to slow down the ball is the
friction of air on its surface. The less air in the system, the less friction on the ball.

Currently, MTGs read the vacuum ranges 10"2 to 10"8 torr and, with modern
electronics, have demonstrated remarkable accuracy and sensitivity (±1% accu-
racy in the 10~2- to 10"5-torr range).64

Because the MTG neither heats nor ionizes the gases within a vacuum system, it
is unique in the inferred gauge category. By not altering or changing the composi-
tion of the gases within a closed system, it offers special opportunities. However,
MTGs require extensive and expensive electronic controls, measuring equipment,
and special vibrationless platforms. Thus, very few research labs have the needs
that can justify the expense and demands of these gauges.

7.6 Leak Detection and Location

7.6.1 All About Leaks

There are seven sources of leaks in vacuum systems. All of these leak sources can
make the job of maintaining a vacuum more difficult than obtaining a vacuum. An
illustration of these unwanted gas sources within a vacuum system can be seen in
Fig. 7.50. Perhaps one of the most subtle sources of leaks into an ultrahigh-vac-
uum system is permeation of the glass by helium, present in the atmosphere at
5.24 ppm (see Table 7.3). Helium permeation* of glass can be useful for a stan-
dard leak (used with a He leak detector, see Sees. 7.6.10 - 7.6.12), but can be
debilitating when trying to obtain extremely ultrahigh vacuum with glass compo-
nents. This can essentially eliminated if aluminosilicate glass is used in the con-
struction in the region where such is not desired. For more information on
aluminosilicate glass, see page 14.

Evaporation (outgassing) is the release of adsorbed molecules at room tempera-
ture and pressure, while desorption (degassing) is the forced evaporation of mole-
cules by either applying greater heat or decreasing the ambient pressure.

Diffusion is the movement of atoms or molecules through solids, liquids, or
gases. The rate of transport is always governed both by concentration variations in
the material and by the size ratio of the diffusing material and the material it's
passing through. Once the material has diffused to the surface, it can be desorbed
into the system.

* Permeation (and absorption) are both conditions that only apply when the penetrating molecule is
much smaller than the molecules of the wall material. A molecule of any size can be involved in
adsorption.
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Fig. 7.50 Gas sources in a vacuum system. From An Elementary Introduction to
Vacuum Technique, G. Lewin, Fig. 19, ©1987 by The American Vacuum Society,
American Institute of Physics, New York, reprinted (abstracted) with permission

Permeation is a three part process. The material is first absorbed into the mate-
rial it is about to pass through. Then, the contaminant diffuses through the mate-
rial. Finally, the contaminant desorbs into the system.

The second gas law states that there cannot be unequally distributed partial
pressures in any system. Thus, the greater the vacuum, the greater the rate of des-
orption, diffusion, and permeation to overcome the differences in concentration as
"nature abhorring a vacuum" tries to equalize the system.

Backflow (also called back diffusion or back migration) occurs when the pres-
sures at the outlet and inlet have established a constant ratio (this is analogous to
the compression ratio found in mechanical pumps). At that point, gases can drift
either way in the vacuum system. Proper trapping or baffling is an easy mecha-
nism to prevent this problem.

False (virtual) leaks are discussed in Sec. 7.6.3 and external (real) leaks are dis-
cussed in Sec. 7.6.4.

Water adsorbs into the walls of a glass container, but that adsorption is the
extent of its adhesion. Some adsorbed molecules react chemically with some
types of containers in a process called chemical adsorption (chemisorption. For
example, carbon monoxide chemisorbs with palladium, but not with gold). The
bonds resulting from chemisorption can hold molecules to the surface with far
greater force than would exist with only physical attraction. It is also possible for
a molecule (that normally would not chemisorb with the container wall) to break
up when hitting the wall's surface. At that point the molecule's constituent parts
chemisorb with the container walls. When an adsorbed gas reacts with the materi-
als of a container, it is called reconstruction (for example, the reconstruction of
iron with oxygen is rust).
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7.6.2 Is Poor Vacuum a Leak or a Poor Vacuum?
Looking for a leak is only fruitful when you know there is a leak. Just because you
have a poor vacuum does not mean that you have a leak. In the art and science of
leak detection, you must first verify whether a problem really exists before you try
to do something about the (perceived) problem. Only after you have established
that there is a problem can you begin to locate the source of the problem.

It is impossible to obtain a perfect vacuum; there is no way to remove all mole-
cules from a given area. With that idea in mind, the best vacuum of any vacuum
system is limited by the quality and design of your vacuum pumps, the composi-
tion of material in your vacuum system, and the design of your vacuum system.
Ultimately, a leak-tight vacuum system* will be limited by leaks from the outgas-
sing of materials from your system, diffusion of gases from the walls, permeation
through the walls, evaporation and desorption from wall surfaces, and backflow
from the pumping systems.

Because no vacuum system can be truly leak-free, it is important to determine
whether or not you have a leak of consequence. In other words, does any system
leak actively affect your work? For example, a common rubber balloon holds
water better than it holds air, and it holds air better than it holds helium. If your
needs are to contain water, a standard rubber balloon is sufficient. Similarly, if you
want to contain helium for a limited time, again a rubber balloon is sufficient.
However, if you want a helium balloon to stay up for several days, then a rubber
balloon is insufficient and you must spend the money for a Mylar balloon, which
can contain helium much better than a rubber balloon.

In addition to knowing the intended use for a vacuum line, you also need to
know its history. By knowing the vacuum line's history, you can rule out the pos-
sible reasons for vacuum failure and proceed to locate the cause. For example, if
yesterday a vacuum line was achieving a 10"6 torr vacuum, but today it can only
achieve a 10~2 torr vacuum, something dramatic has obviously occurred, which is
more likely to be a leak. On the other hand, if the same drop in vacuum occurred
gradually over a period of several weeks, it is very unlikely the cause is a leak and
is more likely caused by gradual component failure.

7.6.3 False Leaks

You should not assume that you have a leak just because the vacuum in your sys-
tem is poor. Reasons for inadequate vacuum can be carelessness (stopcock left
open), anxiousness (insufficient pump-down time), or neglect (the diffusion pump
was never turned on). You can save a lot of time by eliminating the various rea-
sons why your vacuum is not performing up to expectations before you look for
leaks. Factors that can prevent a system from reaching a desired low pressure
include:

* If such a thing existed, this vacuum system would have no imperfections (holes) in the walls to the
atmosphere.



434 Vacuum Systems

1. Pumps that are incapable of pulling a greater vacuum because they are

too small (or slow) for the given system or need maintenance.

2. System components that cannot be baked (to facilitate outgassing).

3. Inaccurate, broken, or defective gauges.

4. Outgassing of high vapor pressure materials from the system.
Poor Pump Performance. This problem is a common one in labs. It is caused

either by purchasing too small a pump for the desired task or, more likely, by
insufficient maintenance which causes a perfectly good pump to run poorly. Insuf-
ficient trapping can cause short- or long-term damage to pump oils. Running a
mechanical pump too long against a "no-load" condition will cause pump oils to
froth and take more time for outgassing. Probably the greatest cause for poor
pump performance is not changing pump oils on a regular or timely basis.

Baking Out a System. Generally, the need to bake out a system implies that
very high or ultrahigh vacuums are required. A system must be baked at about
150°C to remove surface water vapor, and it must be baked at greater tempera-
tures (250°C to 450°C) to remove enough water required to obtain very low pres-
sures (<108 torr)65 for ultrahigh vacuums. The materials of the vacuum system's
construction must be considered when the tasks of the vacuum system are estab-
lished. If a vacuum system is constructed with the wrong types of components,
proper baking may be impossible, eliminating the possibility of achieving very
high or ultrahigh vacuums. Because it is not possible to heat glass stopcocks this
high (and still expect them to function), a glass system is not recommended for
vacuum systems requiring bake-outs.

Inaccurate Vacuum Gauges. Discrepancies can be caused by such reasons as a
gauge that is either inaccurate, used beyond its range, or is in need of calibration.
More complex reasons for vacuum gauge errors could be that the gauge is tuned
to a different gas species than what is in the vacuum system, the gauge is poorly
placed within the vacuum system, something within the vacuum system has dam-
aged or affected the gauge (mercury can cause a thermocouple gauge to have
drifting readings), or the gauge is being affected by external interference such as a
magnet. The resolutions to these problems can include calibrating the gauge for
the specific gas being read, obtaining a gauge which is accurate for the pressure
being read, and/or properly locating the gauge within the system (and in the
proper alignment). You may need to obtain calibration equipment for your gauge
(some controllers have calibration units built into the electronics).

Outgassing. This problem is typically one of user impatience, poor cleaning, or
poor choice of materials within the system. Many a beginning vacuum user
expects a brand new vacuum system to get to 10"7 torr within 15 minutes of the
system's first use. A new system with the usual amounts of atmospheric water
vapor within can typically require overnight pumping to reach its lower limits.
The same will be required of any system left open to the atmosphere for too long.
The longer a system is left open to the atmosphere, the longer it will take for it to
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outgas with its maximum saturation reached in two to three days (dependent on
atmospheric humidity and temperature). Aside from water vapor that has con-
densed (adsorbed) on the surface of the vacuum system, there is also water that
has absorbed into the material of the vacuum system itself. With a glass vacuum
system, the depth of absorbed water can be as deep as 50 molecules. Because it is
almost impossible to remove absorbed water without baking the system, this
water (in a glass system) can be considered nonremovable.

O-rings and other flexible seals also require an outgassing period. Neoprene or
perbunan rubber O-rings can be used to pressures of 5 x 10"7 torr, but cannot be
heated beyond 100°C. These materials give off small quantities of water vapor
and CO. Viton O-rings, which show very little propensity for outgassing, can be
heated to 250°C and can be used in pressures as low as 10~9 torr.66

If your system contains materials with high vapor pressures that cannot be
baked out, you cannot achieve a vacuum greater than those vapor pressures. For
example, a piece of paper placed in a vacuum system will limit the system so that
it can never achieve better than a 10"5 torr vacuum.67

A dirty system takes longer to outgas (and may never outgas*) than a clean sys-
tem, and a rough surface takes longer to outgas than a smooth surface—the
former because of extra materials, and the latter because of increased surface area.
Rough surfaces tend to hold water tighter than smooth surfaces.

The first and foremost step to solving any vacuum problem is to know your sys-
tem. The more familiar you are with your system, the less time you will waste on
wild goose "leak hunts." One technique that will help you know your system is to
maintain a log book. Kept within this log could be information such as the date
the system was used, how long it was used, what vacuum was achieved, what type
of work was done, and when pump oils were changed. These data can provide
invaluable aids for determining if any changes are gradual or sudden, if there is
any relation to using new pump oils, and any other indications of change. A log
book should be mandatory any time more than one person uses a vacuum system.

7.6.4 Real Leaks
There are two ways to demonstrate that a leak in a vacuum system really exists:
Either you are unable to obtain a dynamict vacuum that previously could be
obtained with no problem, or the system is not maintaining a static* vacuum that it
previously could maintain.

'After reassembling a very powerful vacuum system that had been left open for a weekend, a friend
of mine could not obtain a vacuum greater than 10"3 torr. Finally, in desperation he dismantled the
system to find the remains of a small mouse whose outgassing rate set a limit for a system that nor-

mally was capable of significantly greater vacuum.
* A dynamic vacuum is when a pump is actively evacuating a system.

* A static vacuum is when the passageway from the pump to a system has been closed, and the qual-
ity of the vacuum within the system must be self-maintained.



436 Vacuum Systems

Trapped gas

This side shows
the problem of this

virtual leak. (a)

Fig. 7.51 An O-ring caused virtual leak.
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Verifying that a real leak exists only tells you part of the story because there are
four types of leaks. You must eliminate them by analysis of the symptoms, experi-
ence, the history of the vacuum system, and/or trial and error. The following are
the four types of real leaks:

1. Virtual leaks

2. Leaks at demountable seals*

3. Real leaks through the walls of the vacuum system

4. Backstreaming from pumps

Virtual Leaks. A virtual leak is an honest-to-goodness leak, but because it is
inside the vacuum system, it cannot be detected from the outside. A formal defini-
tion of a virtual leak is "a self-contained gas supply within a vacuum system."
There are two types of virtual leaks:

1. Those leaks in which a gas is physically trapped (such as a gas which is
poorly, or improperly, frozen or has had insufficient outgassing)

2. Those leaks where the gas is mechanically trapped as shown in Fig. 7.51
and Fig. 7.52

If frozen gases within a cold trap are too close to the top, they are likely to evap-
orate as the liquid nitrogen level in the trap drops. This situation will cause the
pressure in the system to rise and/or fluctuate (see Sec. 7.4.3). Different problems
are caused when the wrong coolant is used for trapping such as when dry ice,
rather than liquid nitrogen, is used as the coolant for a cold trap. If water vapor is
in such a trap, the lowest possible achievable pressure would be 10"3 torr. This
level is equal to the vapor pressure of water at the freezing temperature of carbon
dioxide. If liquid nitrogen is used as the coolant, the system could potentially
achieve 10~15 torr,69 the vapor pressure of water at liquid nitrogen temperatures.

Demountable seals are sections of a system that can be removed and replaced without damage to
the system, yet maintain integrity of the system.
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Fig. 7.52 Improper and proper welds for a metal vacuum system.

Although outgassing is one type of virtual leak, not all virtual leaks are results
of outgassing. One example of a mechanicallycaused virtual leak is the space
trapped in the channels of an O-ring joint by a compressed O-ring. As you can see
on the left half of Fig. 7.51 (a), an O-ring is compressed in the O-ring groove. In
the blow-up seen at the left of Fig. 7.51 (a), you can clearly see the areas of
trapped gas in the corners of the groove. Because these areas are at a higher pres-
sure than the system, they will "leak" into the vacuum. However, because they are
contained within the system, it is impossible to find the leak from outside the sys-
tem. To prevent this type of virtual leak, the groove that supports an O-ring should
be made without sharp corners. In addition, radial "pie cuts" can be made which
allow gas passage. These cuts can be seen on the right half of Fig. 7.51 (a) and on
the top view of an O-ring joint seen in Fig. 7.5l(b).

A second example of a virtual leak occurs in metal vacuum systems by a double
weld being made instead of a single weld (see Fig. 7.52). Because only one weld
should be required, a second weld can only lead to possible problems. The state-
ment "If one is good, two is better" does not apply to this case. Incidentally, all
welds should be made on the vacuum side of any given chamber. When a weld is
on the outside, channels are created on the vacuum side. These channels can col-
lect contamination that may be difficult or impossible to remove.

Demountable seals are sections of a vacuum system that are not permanently
mounted. These seals include sections or pieces that can be moved or rotated such
as traps, stopcocks, or valves. They differ from permanent seals, which are pieces
of a vacuum system that are welded, or fused, together and cannot be separated or
rotated without damaging the pieces or the system as a whole. Demountable seals
require some material between the sections to be compressed, such as O-rings,
grease, or gaskets that can prevent gases from passing. If there is inadequate or
improperly aligned compression or cutting, or inadequate or improperly placed
(or distorted) material to be compressed, or cut into, there will be a leak.

Leaks at Demountable Seals. These leaks are caused by wear, old stopcock
grease, poorly applied grease, poor alignment, twisted or worn O-rings, inade-
quate stopcocks or joints, mismatched plugs and barrels, or dirt between pieces.
This list is by no means complete, but it gives you an idea of the range of prob-
lems.
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Among the items that may be initially checked on a glass vacuum system are to
ensure that all plug numbers of glass vacuum stopcock plugs match their respec-
tive barrel numbers. As mentioned on page 193, these numbers must match.*
Another factor to consider with vacuum stopcocks is whether they are old, worn,
or just defective. Additionally, you should examine that the vacuum stopcocks
have been properly and recently greased.f

One specific example of how leaks can originate in a demountable seal is the
example of a worn standard taper joint being mated with a new joint. This situa-
tion can occur when an old cold trap bottom had been broken. The new replace-
ment does not fit into the worn areas of the old, original member. If the worn areas
(caused by the original members rubbing against each other for years) form a
channel, a leak is created. In addition, standard taper joints and glass stopcocks
can also be damaged by being left in HF, a base solution, or a base bath for an
extended period of time. Unfortunately, the application of excess stopcock grease
to cover up these imperfections is likely to create virtual leaks.

The advantage of O-ring joints is their easy demountability. However, if they
are mounted unevenly or torqued unevenly, a leak can be easily created. Helium is
readily absorbed into O-rings and result in long outgassing times. If previous leak
detection was done on a vacuum line with O-rings, be prepared for such an occur-
rence. If a solvent is left in contact with an O-ring for an extended period of time,
anything from swelling to destruction of the O-ring can result. This situation, of
course, is dependent on the type of solvent and type of O-ring. One way to find
out if there will be a problem with an O-ring and particular solvent is to pour
some of the solvent in question into a small jar and drop in the type of O-ring you
plan to use. Let it sit for several hours. If there are any effects, they should be
obvious. A trick that can be used to provide limited protection from solvents is to
apply a small dab of stopcock grease (select one not affected by that solvent) on
an O-ring before assembly. Place a small amount of the protective grease on a
Kimwipe and, while holding the O-ring in another Kimwipe, smear a thin film of
grease on the O-ring.* The grease will provide a limited protective barrier for the
O-ring.

The author has observed a system with two plugs and barrels mismatched that could not achieve a
1-torr vacuum. Once the plugs and barrels were properly matched, the system went to 10"3 torr in
five minutes.
+ The author has also observed systems where the stopcocks looked perfectly good, but they had not
been used in over a year. The user could not attain a vacuum better than 10 2 torr. Simply by regreas-
ing all the stopcocks, the system went down to 10'5 torr within half an hour of restarting. In this situ-
ation, the poorly greased stopcocks could not provide adequate seals for a vacuum, but were able to
prevent atmospheric moisture from contaminating the walls of the system. Thus, the system could
achieve a reasonable vacuum in a short time.

* The Kimwipe is not used to remove dirt from your fingers, although that benefit will also be real-
ized. Rather, it is to prevent your skin oils from contacting the vacuum equipment. Skin oils can cre-
ate virtual leaks from their outgassing.
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Fig. 7.53 Pattern for torquing bolts on metal flanges.

Ball-and-socket joints should not be used for high-vacuum systems because
they are not intended for vacuum work. It is possible to obtain specially made ball
joints with O-rings that are acceptable for some vacuum work. Some manufactur-
ers supply sockets that have not been ground, and when used in tandem with ball
joints with O-rings, they can achieve satisfactory vacuum performance.

Metal flanges require a gasket between their two sections. The bolts of metal flat
flanges must be equally torqued by first tightening all bolts finger-tight. Then,
using a wrench, you must tighten the bolts with less than a quarter turn each fol-
lowing the pattern shown in Fig. 7.53. When you arrive at the sixth bolt, repeat the
same star pattern, but go to bolts 2, 5, 1, 4, 6, and 3 in turn.

Some flanges will have eight or more bolts. Use the same alternating pattern for
making a proper seal. Continue with this rotational pattern until the bolts are tight.
If a metal flange has a knife-edge that cuts into a gasket, the gasket cannot be
reused. No matter how well you try to line up the cuts with the knife-edge, it will
not work, and it will leak. If you are desperate, you might try to have a machine
shop remove the top and bottom surface of the gasket. However, experience has
shown that this attempt is less than 50% successful for being leak-tight.70

Avoid using pipe threads whenever possible because they create long leak paths.
Long, thin leak paths require long time periods for leak verifications. If pipe
threads must be used, do not use Teflon tape because it voraciously absorbs
helium and will later thwart the use of a helium leak detector. Rather, use a small
amount of thread sealant paste that contains Teflon (see Fig. 7.54). Glyptol, a
common temporary leak sealant, is sometimes used as a pipe sealant. This sealant
is not recommended because it ages and, after some six months or so, can develop
a leak.

Thermocouples often come with pipe threads for attaching onto vacuum sys-
tems. Avoid using these pipe joints entirely by attaching a thermocouple to a glass
system by silver soldering the thermocouple to a premanufactured glass-to-metal
seal.

Use a cadmium-free silver solder and a suitable silver-solder flux. You will need a gas-oxygen
torch to make this seal (see Chapter 8 for information on gas-oxygen torches). Do not use a "hissy"
torch flame because that indicates a flame too rich in oxygen. A soft blue flame is reducing and will
prevent oxidation of the metal pieces, which prevents a good seal.
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It will be easier to assemble these pieces if you can set up the thermocouple and
the glass-to-metal seal so that they rotate horizontally during the silver-soldering
operation.

Leaks in System Walls. Real leaks in the walls of your system can occur along
three different passageways:

1. A hole through the wall. A hole can be through a thick or thin wall and
follow a straight or circuitous path. It can be represented as a door
(large diameter compared to length of hole) or a tunnel (small diameter
compared to length of hole).

2. A crack in the wall. This type of hole differs by having a much greater
surface area of the hole channel. It can also show up as crazing of the
surface (crazing is a collection of many small cracks).

3. The molecular structure of the wall allows the permeation of gas(es)
through the wall itself.

The significance of these three pathways is how they affect leak detection. The
longer and thinner a hole is, the more likely it will be plugged up by a probe liquid
or even fingerprint oils. In addition, long, thin holes require lengthy leak testing.
Cracks, with their greater surface area, will retain a probe gas or liquid for a
longer time. If a gas is affecting your work by permeating the walls of your vac-
uum system, you need to be more selective of the construction materials of your
system.

Permeation of the walls itself is generally not a concern of a vacuum system
within a research lab because a lab system can seldom achieve vacuums that are
affected by gas permeation. Regardless, it can be resolved by selecting wall mate-
rial better suited to the desired work.

The size of a leak is measured in the amount of gas (mass) that can be leaked
within (per) a given unit of time (time). In the United States, the standard mea-
surement is std cm3/sec, or standard cubic centimeters per second. The term atm
(atmospheric) std cm3/sec provides the ambient pressure. This level can be impor-
tant if a specific leak rate is relevant to a particular gas(es) at a particular pressure.

Most leaks have a viscous flow of gas. That is, the length of the gas's mean free
path is such that a gas molecule is more likely to hit a wall before hitting another
molecule. On a bell-shaped distribution curve of average leaks found, this size

Apply to the 2nd through

5th thread only

I '1
Fig. 7.54 Applying sealant to a pipe thread. From Introduction to Helium Mass
Spectrometer Leak Detection by Varian Associates, Inc. © 1980 by Varian Asso-
ciates, Inc., Palo Alto, reproduced with permission.
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leak is between 10~5 and 10"3 std cm3/sec. The next most likely type leak is one in
the transitional flow range of gas movement. Here, the molecules of gas are about
equally likely to hit a wall as another molecule. This size leak is between 10"6 and
10"5 std cm3/sec. The least likely type of leak found is when the size of leak is so
small that a sufficient vacuum is achieved to cause molecular flow in the region of
the leak. This size leak is below 10"7 std cm3/sec.71

Leaks up to the size of 10"5 std cm3/sec are not difficult to find in a laboratory
vacuum system achieving a 10"6 torr vacuum. Below that range, baking the system
may be required to fully open the leak from water vapor, fingerprints, or a host of
other possible contaminants. Leaks smaller than 10"5 std cm3/sec may not affect
your system, but the amount of time spent in looking for these small leaks needs
to be justified.

In vacuum systems, because measurements are usually made in liters/sec and
pressures are stated in torr or Pascal, leak rates are known as torr-liters/sec, or Pa-
liters/sec. These expressions are not equivalent leak rates, but they are propor-
tional in the following ratios:

1 std cm3/sec = 0.76 torr-liter/sec = 101.13 Pa liters/sec
1 torr-liter/sec = 1.3 std cmVsec = 133.3 Pa-liter/sec
1 Pa-liter/sec = 0.0075 torr-liter/sec = 0.0098 std cm3/sec

Backstreaming. There are two types of backstreaming; both are not desirable,
but one can be quite deleterious. Once the vacuum system achieves its ultimate
vacuum and is in molecular flow, gases from the system can drift back into the
system. This is simply the results of equilibrium. On the other hand, if oils or
vapors from the diffusion pump drift into the system, or oils from the mechanical
pump drift into the diffusion pump, the effects are more profound.

Although a system typically will not act as if it has a leak until it is in the ultra-
vacuum range (>10~8 torr), at lower vacuum ranges (<106 torr) other complica-
tions from backstreaming can occur such as:

1. Silicon diffusion pump can coat and damage the filament of a mass
spectrometer.

2. Mechanical pump oils (with their high vapor pressure) that drift into the
diffusion pump can decrease its pumping efficiency.

3. Oils in a vacuum system can negatively interact with vacuum gauges
(mercury can destroy thermocouple gauges and hydrocarbons on thori-
ated iridium filaments of hot-ion gauges require constant recalibration).

What can be limited is the backstreaming of condensable vapors. This can be
achieved through the effective use of baffles, traps, and using good vacuum sys-
tem design. The simple resolution for backstreaming of condensable vapors from
standard pumps is proper system design and proper maintenance of the traps.

If there are any pressure blips in the system and the mechanical pump cannot
remove them fast enough, a diffusion pump will be swamped. That is, there is not
enough backing pressure to maintain the gradient pressures within the diffusion
pump and the gases contained within backstream into the system. The only pre-
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Fig. 7.55 A chart of a real leak versus outgassing as a matter of time.

vention of this is to have a sufficiently powerful forepump and/or very good fore
traps.

The maintenance of baffles and traps can be expensive both in materials and
time. There are several dry pumps (see page 347) that have no grease or liquids in
the pumping region.

Uncontrollable backstreaming can occur if there is a total system power failure
that controls your vacuum system. If power in your building should go out and all
mechanical pumping ceases, the efficiency of the traps and baffles to maintain a
barrier in a static system will be tested. If someone is around at the time, close all
stopcocks between each pump from any other and the stopcocks between the
pumping system and the vacuum system.

7.6.5 Isolation to Find Leaks
When a vacuum system is suspected of having a leak, one of the first tests is to
determine whether the leak may be caused by outgassing. An easy way to deter-
mine this is to chart the rate of pressure loss versus time. To chart this rate, obtain
the lowest vacuum you can in a reasonable amount of time, then close the section
in question* from the pumping section by a stopcock or valve. Next, periodically
over a few minutes, or an hour or two (or three), note the pressure and elapsed
time. As seen in Fig. 7.55, a real leak will indicate a constant rate of pressure rise
over time while an outgassing problem will indicate a decreasing rate of pressure
rise over time.

Once you have determined that you have a leak (as opposed to outgassing), you
must then decide if the leak is virtual or real. If you know your system (and its his-
tory), you should be able to review your own operations, procedures, and activi-
ties to make this determination. On the other hand, if this system is new (to you)
or there are a variety of people who work on the same system, then you may have
to assume that there is a real leak and prove that it does or does not exist. Once
you have proved that there is no real leak, and all other indications lead you to
believe that a leak exists, you can assume that you have a virtual leak.

Regardless of whether a leak is real or virtual, the first step after a leak is veri-
fied is to isolate the area or section of the vacuum system that is leaking. This iso-

* A thermocouple gauge, Pirani gauge, or manometer must have access to the section being tested.
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Fig. 7.56 A stylized vacuum system.

lation decreases the time involved in locating the specific leak location. It's easier
to play "hide and seek" if you know to look in a single room rather than the entire
house. To find a leak's location, first examine major sections followed by smaller
and smaller sections until you have the section in question. A stylized version of a
vacuum system is shown in Fig. 7.56.

One of the best vacuum gauges to use when looking for a leak is a thermocouple
or Pirani gauge. McLeod gauges, although very accurate, take too long to cycle
through a reading. The ion gauges can only be used at good to high vacuums,
which make their use irrelevant at the low vacuum levels that exist with large
leaks.

In the stylized vacuum system shown in Fig. 7.56, one would go through the
following process to locate a leak:

1. Close Stopcocks 5 and 2, and open Stopcocks 1, 3, and 4.

2. Once a vacuum is showing on the vacuum gauge, close Stopcock 4 and
verify that the gauge is not leaking (this procedure may seem silly, but it
caught me off-guard once). If the gauge leaks, you will be unable to
check the rest of the system with any validity (that is why this step is
important). If there is no leak, open Stopcock 4 and leave it open.

3. Close Stopcock 1. If the vacuum gauge shows a drop in the vacuum, the
leak is somewhere within this area. If there is no leak, continue.

4. Open Stopcock 1 and then rotate Stopcock 5 so that the upper section is
connected to the vacuum. Stopcock 6 should be closed. Wait until a vac-
uum is obtained and close Stopcock 1. If there is no leak, continue.

5. Open Stopcock 1 and then rotate Stopcock 6 so that the upper branch is
connected to the vacuum. Wait until a vacuum is obtained and close
Stopcock 1. If there is no leak, continue.

6. Open Stopcock 1 and then rotate Stopcock 5 so that the lower section is
connected to the vacuum. Stopcock 7 should be closed. Wait until a vac-
uum is obtained and close Stopcock 1. If there is a leak, you must locate
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and repair the leak before you can continue. It is important to continue,
because there may still be a leak in the lower branch.

7. Open Stopcock 1 and rotate Stopcock 7 so that the lower branch is con-
nected to the vacuum. Wait until a vacuum is obtained and close Stop-
cock 1. If there is no leak, go back to work—the system is checked and
repaired.

As you can see, this process is aided or thwarted by vacuum system design.
Temporary isolation of the various parts of any vacuum system may be impossible
by bad design. Therefore, be forewarned: If you are designing a vacuum system,
provide a stopcock at every branch* of the system to aid in leak detection (section
isolation not only helps in leak detection, but creates a more robust vacuum sys-
tem allowing greater control and protection).

Once you have isolated the part of the system in question, examine, re-grease,
or tighten (if necessary) the stopcocks, joints, and other connections. In a glass
system, look for cracks that may have developed on the tubing. You should look
especially where the tubing has been worked, such as places where the glass is
joined to another piece, or has been bent.

In searching for leaks, you must always look first for larger leaks followed by
progressively smaller leaks. It makes sense: If you have some very large leaks
(sometimes called "hissers"), there is no way a small leak will show up. However,
if you have found and repaired some large leaks, do not assume that you are fin-
ished. You still may have leaks that can affect your work. Therefore, after repair-
ing a leak, recheck your system for leaks. Just because you found one leak does
not mean you've found them all.

7.6.6 Probe Gases and Liquids
Probe gases and liquids are often used in a variety of leak detection techniques.
Probe gases and liquids are materials not normally found within the vacuum sys-
tem, or at least not in the quantity created when they enter through a leak.
Turnbull72 defines four characteristics of the probe gas, vacuum system, and leak
detector that affect the speed and effectiveness of leak detection:

1. The viscosity of the search gas, which governs the rate at which gas
enters the leak

2. The speed at which the search gas is removed from the system by the
pumping system

3. The sensitivity of the leak-detecting element to the particular search gas
used

4. The volume of the system

* On the other hand, prevent unnecessary constrictions because they can limit gas flow and thereby
slow system pumping speed. Therefore, do not use small stopcocks (such as 2 or 4 mm) along main
lines, and do not place extra stopcocks along a tube for no purpose.
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Table 7.14 Liquids Used in Leak Detection

Rated Best (Top) to Worst (Bottom)74

Acetone
Ether (diethyl)
Methanol
Pentane
Benzene
Toluene
Ethyl alcohol
Carbon tetrachloride
Xylene
Isopropyl alcohol
Butyl alcohol

Although each of these factors can be considered individually, their effects on
the speed of effective leak detection are cumulative. Materials that are less viscous
will enter a given leak faster than those with greater viscosity. Materials that can
be removed from the system faster will allow for faster verification. Materials that
are easy for the detector to notice require less hesitation during detection. Finally,
the smaller a system is, the less time that is needed for the probe gas to fill all
areas.

When selecting probe gases (or liquids) and techniques to locate leaks, consider
how they may affect your leak detection. Probe liquids are easy to see, easy to
handle, and can be used with greater control, thereby providing an accuracy that is
typically unobtainable with gases. Fiszdon73 analyzed 12 different liquids that are
commonly used in leak detection and developed the following list (in Table 7.14)
of their merits for leak detection analysis. Note that the vapor pressures of the var-
ious liquids are irrelevant. Rather, low molecular weight and low viscosity are
more important.

Probe liquids have their own peculiar problems. For example, although water
will pass right through a large hole, it may effectively plug up a small, thin tunnel,
giving the illusion that the leak is gone. In addition, a liquid may fill the entire sur-
face of a crack causing a very slow removal (or "cleanup") of the indicator. Bak-
ing a system can reopen blocked holes and facilitate cleanup, but not all systems
can be baked.

On the other hand, gases require special, cumbersome handling and often
require you to enclose a given section of a vacuum system in some sort of bag.
Bagging can facilitate localizing the area of a leak, but cannot help in locating the
exact location of the leak.

Do not use liquids for leak detection if you are considering using in a mass
spectrometer further on in your experimentation. Liquids tend to have slow
cleanup times and can severely slow down, or confound, future experimentation.
Thus some rules for the use of probe gases and liquids are as follows:
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1. When possible, use a gas over a liquid.

2. Do not spray or squirt a liquid on. Use a cotton swab (or Kimwipe) to
wipe it across parts of the system. In addition to safety, this method pro-
vides more control in finding leaks.

3. Solvents can damage parts of your system such as O-rings, causing a
greater leak than the one you were originally trying to find. In addition,
if the solvent drips on a water hose and creates a hole, you then have a
water leak and a mess. If it drips on electric wires, you may have a
short.

4. All of the chemicals listed in Table 7.14 are dangerous to breathe or
have in contact with skin from short to extended periods of time. Some
of the chemicals listed have severe OSHA restrictions for use without a
fume hood, and some are toxic chemicals and should not be used at all
(such as carbon tetrachloride and xylene).

5. Do not have any open flames or sparks while working on leak detection.
Unplug ion gauges and other electrical equipment.

6. Be sure to have plenty of ventilation and limit yourself to the first three
liquids in Table 7.14. These liquids are (relatively) the safest, and they
are the best from the list. Still, you should use a buddy system, and
check with OSHA and/or local/state regulations to verify if there are
any legal restrictions on the uses of any of these chemicals in your area.

7. When possible, select a low-vapor-pressure liquid over a high-vapor-
pressure liquid to provide faster cleanup time. In addition, nonpolar sol-
vents are more easily removed from glassware than polar solvents (for
example, methanol vs. acetone).

8. When spraying probe gases on a vacuum system, be sure to start at the
top with gases less dense than air and start at the bottom with gases
denser than air.

Other aspects of Turnbull's four factors will be considered further in Sec. 7.6.9.

7.6.7 The Tesla Coil

If you have a glass system and can achieve a vacuum between approximately 10
to approximately 10~3 torr, then you can use a Tesla coil (sometimes called a
"sparker") to look for moderate-size leaks. Because this range is the vacuum
range of a mechanical vacuum pump, the Tesla coil provides an excellent tool for
examining such systems.

The Tesla coil will ionize the gas molecules remaining in a vacuum system and
cause them to glow. Above pressures of about 10 torr the gas molecules quench a
discharge. That is, they are so close together they lose their extra energy by bump-
ing into other molecules rather than giving off light. Below 10"3 torr, the mole-
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_ ~. Insulated handle
Control knob •—^ r
Power cord ^ 3 > = ^ J ^ - Wire on tip

Light-duty Tesla Coil

Power cord Insulated handle
^~ Control knob / ,

Heavy-duty Tesla Coil

Fig. 7.57 The light- and heavy-duty Tesla coil.

cules are too far apart and the mean free paths are too long to maintain a
discharge.

As the tip of a Tesla coil is slowly waved within 1-3 cm of an evacuated glass
vacuum system, the gases remaining will discharge with a glow characteristic of
the gases within the system. If you bring the Tesla coil near a leak, a large white
spark will jump from the tip of the coil to the specific leak spot. This event is very
dramatic and demonstrates the location of a leak in a very effective manner. The
spark is actually seeking ground, and the leak provides a path to the discharge
inside the vacuum system. In turn, this discharge (which is an electrical conduc-
tor) provides a path to the mechanical pump for completion of the ground.

Metal components confound Tesla coil use: Their ground is easier to obtain than
the ground found by passing through a glass leak and the poorer conducting dis-
charge within.

There are a few limitations to the use of a Tesla coil:
1. It cannot be used near metal clamps or glass-to-metal seals on a glass

system. The metal provides a ground for the electric discharge, bypass-
ing the ionization of the gas inside the system.

2. A large quantity of very small holes may prevent you from obtaining a
decent vacuum. However, none of the holes may be large enough for the
Tesla coil to indicate a leak.

3. The self-contained Tesla coils often found in many labs are recom-
mended by the manufacturers not to be used for longer than 10 minutes
of continuous operation. If your needs require long continuous use on a
consistent basis, heavy-duty Tesla coils are available that can be used
continuously. These coils are easily identified because they have small
boxes (approximately 5 in. x 5 in. x 8 in) connected to their hand-held
sections. These hand-held sections are the same as those found on stan-
dard light-duty Tesla coils (see Fig. 7.57).

4. The Tesla coil will not find a leak within a demountable (seals such as
stopcocks or joints) that is caused by poor application of grease or old
stopcock grease that has sheared.
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5. The Tesla coil should not be used near O-ring joints because the coil can
destroy the O-ring by burning a strip across its side.

6. The Tesla coil should not be used near intentionally thin sections of
glass (such as a break-off) because it can punch a hole through such a
section.

It is unlikely that a leak could develop on a glass tube that has not received
stress or that has not been worked on by a glassblower. Therefore to save time,
simply pass the Tesla coil around areas where glass sections have been joined (see
Fig. 7.58).* If there is a two- or three-fingered clamp in an area that needs to be
tested, the clamp must be removed to properly check the seal. To spark check for
cracks around hooks placed near a joint, place a rubber stopper in the end of the
joint and then open up the stopcock to evacuate that section.

The spark from a Tesla coil is very powerful and can punch its way through thin
sections of glass (see Point 6 above). Keep the coil away from known thin sections
in which you wish to maintain integrity, such as break-offs. Most texts on vacuum
technique recommend that the Tesla coil not be allowed to sit over weak areas for
fear of "punching" a hole through the glass. This author disagrees with this reti-
cence because if there is not a hole in a potentially weak area now, there may very
likely be one in the area some time in the future. Therefore, go ahead and provide
some stress while you are in a position to do something about any holes that
develop. Otherwise a hole may develop either in the middle of an experiment or
when repair and/or personnel are not available or as convenient. In addition, It is
important that all gauge controllers be turned off before initiating Tesla coil test-
ing. The charge from the Tesla coil can destroy the controller's electronics.

Some extra Tesla coil tips are as follows:

Glass should be f \ Where there is no apparent distortion
checked for leaks in V. J of the glass, it is unlikely that any
locations where glass Jf\ I glassblowing has taken place. A leak
has been sealed to <^ _U is therefore unlikely in these regions.
other pieces of glass. ^ ^ . f l X

If glass was not properly annealed,
cracks can also develop where
hooks were attached.

Fig. 7.58 Suggested areas of testing with a Tesla coil.

An exception to this rule would be if a two- or three-fingered support clamp was overly tightened
on a glass tube, causing the tube's wall to crack.
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Table 7.15 Appearance of Discharges
in a Gas Discharge Tube at Low Pressures

449

76

Gas

Air

Nitrogen

Oxygen

Hydrogen

Helium

Argon

Neon

Krypton

Xenon

Carbon monoxide

Carbon dioxide

Methane

Ammonia

Chlorine

Bromine

Iodine

Sodium

Potassium

Mercury

Negative Glow

Blue

Blue

Yellowish white

Bluish pink (bright blue)

Pale green

Bluish

Red-orange

Green

Bluish white

Greenish white

Blue

Reddish violet

Yellow-green

Greenish

Yellowish green

Orange-yellow

Yellowish green (whitish)

Green

Green (goldish white)

Positive Column

(Reddish)

Yellow (red gold)

Lemon

Pink (rose)

Violet-red

Deep red (violet)

Red-orange (blood red)

—

—

(White)

(White)

—

—

Light green

Reddish

Peach blossom

Yellow

Green

Greenish blue (greenish)

— indicates no distinctive color.
( ) indicates a different observer's opinion of the color.

1. Turn off some (or all) of the lights in a room so that any discharge from
the coil can more easily be seen (it may also be necessary to close doors
and/or cover windows). In addition, try not to face an open window.

2. A metal wire (such as copper or nichrome) wrapped around the tip of the
Tesla coil (see Fig. 7.57) and bent in a rightangle can extend your reach
and/or reach behind glassware.

The Tesla coil can also be used to make the vacuum line a discharge tube to
light up probe gases or liquids. Gases or vapors in a vacuum will light up in spe-
cific colors from a discharge caused by a Tesla coil. A list of the colors that can be
achieved with pure gases in a discharge tube can be seen in Table 7.15.

Table 7.15 (found in several books or found as a similar table in other
books ' o n vacuum technology) provides the colors of pure gases from dis-
charge tubes, which have very little to do with the discharge from the Tesla coil
because of the following conditions:

1. The applied voltage and pressure can vary greatly.
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Table 7.16 Appearance of Discharges in Gases and Vapors at Low Pressures
When Excited by a Tesla Coila

Gas

Air (room)

Argon

CO2

Helium

Nitrogen

Oxygen

Volatile Liquid
Acetone

Dichloromethane

Methanol

Color Observed in Discharge

Soft violet

Pale magenta

Greenish white

Soft pink

Too pale for magenta, not quite
purple

White

Color Observed in Discharge
Turquoise (then quickly to purple)

Bluish white

Void* (then slowly to soft violet)

Gas Mixed with Air

Same

Pale magenta

Washed out magenta

Purplish magenta

Purple

Pale magenta

Gas Mixed w/ Air

Void6 (then quickly to purple)

Void* (then quickly to bluish white)

Void* (then slowly to soft violet)
a From Journal of Chemical Ed.ucation, 68, pp. 526-528, (1991 Reproduced with permission.

* Void: a lack of discharge due to a loss of vacuum.

2.

3.

4.

The Tesla coil discharge, in leak testing, is a through-glass discharge,
whereas a discharge tube is a metal-electrode discharge.

The distance between electrodes in a discharge tube is fixed, as opposed
to the distance between the Tesla coil and ground (this distance can vary
constantly from as little as several centimeters to many meters during
leak detection).

The colors indicated in the tables are for pure gases. In a working vac-
uum system there will always be some air and moisture mixed with the
probe gases. There will also be a trace amount of hydrocarbon vapors
(from the mechanical pump) as well as other gases and vapors that inci-
dentally may be in the system.

Work by Coyne and Cobb provided a more effective list of discharge colors
because the colors were observed in the act of actual leak detection. They are pre-
sented in Table 7.16. Their work demonstrated that spraying gases had limited
success in leak indication, but moderate success when the item being tested was
enclosed within the gas (by way of a bag). Vapors from applied liquids provided
better indicators and more easily demonstrated the specific location of a leak.

If you have items with glass-to-metal seals or metal supports you wish to leak-
check with a Tesla coil, you can encase them in a bag. Initiate a discharge with the
Tesla coil while filling the bag with a test gas, such as oxygen or helium. This pro-
cedure can help to verify whether or not there is a leak. However, it will not help
locate the leak. To specifically locate the leak, you may wipe a probe liquid, such
as acetone on a cotton swab, over the suspected areas while a discharge is main-
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tained in the system. If the discharge changes color, you have found the leak. If
leaks are located far apart on a vacuum system, it is possible to find a leak while
looking for others. However, leaks that are close together may appear, or act, like
one. Therefore, after finding and repairing one leak(s), you should reexamine the
area for other leaks.

When using this technique, turn off all lights and shut all windows (and doors)
that allow light into the room. The darker your workplace, the more subtle the
variations in the discharge may be observed. If your room can be brought to total
darkness, you may want to place a small table lamp near where you are working.
Then, you will be less likely to bump into equipment as you make your way from
the room's light switch to the testing area after turning the room lights off.

If you spray a probe gas lighter than air (such as helium) on a vacuum system,
start at the top of the system. Start at the bottom with gases heavier than air. Oth-
erwise, the drifting of the respective gases may provide false or inconclusive leak
identification. It may be necessary to close windows and doors and might even be
necessary to set up baffles to minimize drifting gases to prevent false or inconclu-
sive leak identification.

Once a leak is verified and localized, pinpointing the leak can be done by taking
an acetone-soaked cotton swab and rubbing it all around the section in question.
Once the acetone is wiped over the leak, there will be an immediate color change
of the discharge to white or turquoise.

The shape and angle of a leak can have a significant effect on the time before a
vapor is removed from a system and the colors of a discharge turn back to normal.
If the glass is very thin and the leak is perpendicular to the glass, the time for
recovery can be very short (<10 seconds). On the other hand, if the glass is thick
and/or the leak is on the diagonal through the glass wall, a leak can hold the ace-
tone for a period of time, even many minutes. Thus, the length of time necessary
for the colors to go back to normal provides a clue as to the nature of the leak.

7.6.8 Soap Bubbles
As stated before, the Tesla coil cannot be used on metal systems. If a leak on a
metal system is large enough to prevent you from using a mass spectrometer (or
you do not own a mass spectrometer), you may be able to use positive pressure to
locate leaks in a vacuum system.* Place the vacuum system under pressure with
dry air, nitrogen, or helium up to about 60 psig. Then squirt a soapy solution on
areas in question while looking for the formation of bubbles. This technique is the
same that is used on all pressure systems and is even used by plumbers when
installing gas pipe.

Some important rules are:

Positive pressure cannot be used on glass systems because the pressure can cause glass stopcock
plugs to blow out or joints to separate. The pressure may be sufficient for damaged to the system to
occur.
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1. The gas used to pressurize a system should be clean and dry. Nitrogen
and argon are very good because they are nonreactive gases. Do not use
pure oxygen, especially if there are any greasy areas in the system
because an explosion may result.

2. Any components that may be damaged by high pressure (i.e., ion
gauges) should not be exposed to any pressure, or limit the pressure to 1
to 2 psig.

3. Watch out for fittings not intended to be used in pressure conditions.

4. Use a very bubbly solution (dish soap in water is good). Professionally
made solutions such as Snoop™ or kid's bubble-blowing solutions
work as well.* Window-cleaning solutions are not recommended
because they typically have nonfoaming additives.

5. Apply the solution slowly and carefully so as not to create bubbles.

6. Do not immediately assume that there is no leak if no bubbles readily
form; they may take a few seconds to an hour to form.

7. Use a waterproof marking pen or crayon to mark each leak as you pro-
ceed.

7.6.9 Pirani or Thermocouple Gauges
As mentioned in Sec. 7.5.14, many gauges read an inferred pressure, not real pres-
sure. Some vacuum gauges use the thermal conductivity of gases present in the
system to infer the pressure of the system. These gauges are based on the concept
that "less" gas will conduct "less" heat. Because different gases have different
thermal conductivities, the user needs to make allowances if the gas in a system
has a different thermal conductivity than the particular gas a gauge has been cali-
brated to use.

The standard reading for a thermionic gauge is based on air or nitrogen. If a
probe gas is used whose thermal conductivity is higher (or lower) than air, its
presence would be detected by the Pirani or thermocouple gauge as a change of
indicated pressure. As would be expected, light gases with low viscosity can find
smaller leaks. Hydrogen and helium are such gases, and they show a leak by an
apparent increase in pressure because they have higher thermal conductivities
than air. Other gases, such as argon, show an apparent decrease in pressure
because of their lower thermal conductivities. The liquids in Table 7.14 can also
be used with Pirani and/or thermocouple gauges because they can provide similar
apparent changes in pressure.

Regardless of which direction the gauge varies, the important thing is that the
gauge varies because the gauge is detecting a change from what was in the system
before the probe gas (or liquid) was introduced. Sometimes there may be a slight

* Soap solutions must be rinsed off of stainless steel because soap can corrode the metal.
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drop in pressure caused by the liquid filling up a long, thin "tunnel" type of hole.
This drop is then followed by a rise (or depression)* in pressure as the vapors of
the liquid affect the thermocouple. Do not expect equal swings of low followed by
high pressure, because the causes of pressure swings are not related.

Another leak detection system that uses thermal conductivity is a gas leak
detector that samples the air around the system being checked by a simple pump
(often a diaphragm pump). The system under examination is filled with any type
of gas (except combustible gases). Then, changes in the gas composition sur-
rounding the piece being tested are "sniffed" by a probe. Any changes detected by
a thermocouple within the detector are an indication of a leak, and the user is noti-
fied by a swing of a dial's needle (one way or another) and/or an audio alarm. The
sensitivity of these devices varies depending on the probe gas used. Helium pro-
vides the best sensitivity. They are capable of detecting leaks as low as 10~5 atm/
sec, or, in other words, they can be used with simple vacuum systems.

One particular advantage with gas leak detectors is the constant distance from
the leak to the thermal conductivity sensing device. This constant distance makes
the time lag consistent wherever you are "sniffing" with the probe. When relying
on installed thermocouples (on the vacuum system), a leak located right near the
thermocouple will provide an immediate and full-strength response, whereas a
leak some distance from the thermocouple will have a more subtle effect and will
require some time before this effect is observed.

As is standard when using probe gases on the inside for detection outside, the
greater the pressure exerted within the system being tested, the greater the sensi-
tivity that can be expected from the detection device. With glass systems, it is not
recommended to use a pressure greater than can be developed by attaching a bal-
loon filled with the probe gas to the system. It is possible to flow helium through
the system before beginning the testing, but it then becomes necessary to wait
until all the excess ambient helium in the room drifts off. Otherwise, there is too
much helium "noise" in the room to allow for any sensitive readings. The wait
could be minutes to hours depending on the size of the room, ventilation, and
sloppiness of administering the helium to the system.

Do not breathe too close to the sniffing probe or its reference chamber because
the CO2 from your breath could cause a deflection of the needle. If you are going
to use a helium test gas after doing a bubble test, you must wait until the system is
completely dry. The water will cause a negative deflection and the helium will
cause a positive deflection, providing a combined weaker deflection. If, coinci-
dentally, the water and helium are perfectly balanced, there will be no deflection.

Once a leak region is indicated, move the detector away from the system being
tested and allow the needle to come to a normal position. Then you can go back in
and zero in on the specific location.

* If the thermal conductivity of the probe gas (or liquid) is higher than nitrogen (the base standard),
the gauge will indicate a drop in pressure. If the thermal conductivity is less than nitrogen, the gauge
will indicate an increase in pressure.
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7.6.10 Helium Leak Detection
Imagine a room full of people. Now imagine you want to find the one(s) named
Bill. If there was no way to easily identify the Bills, the process would become
significantly laborious. However, if you called out and asked all those named Bill
to please raise their hands, the task of identification becomes easy. The helium
leak detector has the ability to isolate and count the helium atoms from a vacuum
system full of many other atoms and molecules. In reality, the helium leak detec-
tor is nothing more than a customized mass spectrometer. The mass spectrometer
was developed in the 1920s, but became a leak detection tool in the 1940s when
the need for ultra-vacuum systems became critical on the Manhattan project.*

The operation of a mass spectrometer is fairly straightforward. It places an elec-
trical charge on all the gases passing through its system. This electrical charge
allows a flowing path of charged gas molecules to be bent by a magnetic field. The
angle of the bend depends on the mass of the molecule* and can be calculated
with high precision. Because the particles have an electrical charge, they can be
collected on a grid and counted. If a collection grid is placed at a specific point of
the possible radius path, it is possible to collect only one type of molecule. A
helium leak detector is a mass spectrometer that is permanently tuned to collect
and record only the helium ion.

Without the magnet, the grid would collect all charged particles and the total
gas pressure could be recorded. With the magnet separating the charged particles
by their molecular weights, only helium is detected. This quality allows the
helium leak detector a sensitivity of leak detection that is independent of total gas
pressure. The leak detector will indicate that it is sensing helium by swinging a
needle on a meter, sounding an electronic signal, and/or illuminating some type of
display. For quantitative work, a digital or analog readout is required.

When helium leak detectors first became available, they were large and cumber-
some and required highly trained technicians. They were also very expensive.
Now, like most electronic equipment, they are smaller (relatively), easier to use
(for some operations, they can be automated), less expensive, more reliable, more
sensitive, and faster. As is typical of most things, helium leak detectors cannot
have all the aforementioned attributes at once. However, it is possible to pick and
choose which options are more important to you and select a detector that has fea-
tures that are best suited to your needs. The usual tradeoff is sensitivity for speed.

Although there are other leak detectors and leak detection techniques that rely
on detection of a change in gas, none have enjoyed the success of the mass spec-
trometer tuned to helium. There are other types of tuned mass spectrometers that
specifically look for oxygen or halogen, but they are not as common. Their opera-

* An interesting article on the development of the helium leak detector can be found in the article
"History of Helium Leak Detection" by Albeit Nerken in the Journal of Vacuum Science, and Tech-
nology A, Volume 9, #3, pp. 2036-2038 (May/June 1991).
fThe more the magnetic field can bend the path, the smaller the radius and therefore the smaller the
molecule.
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tion is similar to the helium leak detector, so the information here will also apply
to them.

The use of helium as a probe (or tracer) gas in leak detection is not new. Before
the mass spectrometer, it was used with thermocouple and/or Pirani gauges
because of the greater thermal conductivity of helium than air. If you list all the
attributes of a perfect probe gas, helium obviously does the job:

1. It should be nontoxic.

2. It should diffuse readily through minute leaks.

3. It should be inert.

4. It should be present in not more than trace quantities in the atmosphere.

5. It should be relatively inexpensive.

Helium is nontoxic and will not poison or affect living tissue. That is why it is
safe to inhale helium and pretend you're a comedian.f The only danger that
helium can present is that it can fill up a room, displacing oxygen so that there is
an insufficient amount for human survival. However, because helium floats up and
out of any room, this situation is extremely unlikely.

The evidence of helium diffusion through small leaks can be demonstrated by
its ability to pass through glass. Everyone has seen how helium leaks out of a rub-
ber balloon. Depending on the quality of the rubber, it can take anywhere from
two to six hours of time to render a balloon into pathetic lethargy. The transfer of
space-age plastics (Mylar) into balloon construction has added days to a toy bal-
loon's life because Mylar's molecules are more dense and it is more difficult for
the helium atoms to diffuse past them. Borosilicate glass is more dense than rub-
ber or Mylar and therefore does not leak as fast as either of them, but it leaks
nonetheless. This fact has been successfully used for construction of "standard
leaks" which are used to calibrate helium leak detectors (see page 458). [There is
a type of glass called aluminosilicates (see page 14), which is helium leak-tight.]
Only hydrogen (mass 1) has a smaller mass than helium (mass 4). Hydrogen can
diffuse through materials very well, but it is dangerously flammable. Neon (mass
20) could be used, but it is much more expensive to use than helium. Argon (mass
40) is larger in size than the two main gases in the atmosphere [nitrogen (mass 28)
and oxygen (mass 32)] and therefore would not be a good indicator of leakage
potential of smaller materials.

Being one of the noble gases, helium does not react with other materials. Its
presence will not affect any of the materials of the vacuum system, nor will its
presence affect any future work within the system. In addition, because it is a non-
condensable gas, it will not clog up any cold traps within the system or the detec-

* From Introduction to Helium Mass Spectrometer Leak Defection by Varian Associates, Inc. ©1980,
p. 21, reproduced with permission.
+ It is important for the comedian to occasionally take a breath of air to replenish some oxygen in his
lungs or the joke will be on the comedian as he or she passes out.
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Table 7.17 Approaches to Helium Leak Detection

Leak Detection
Technique

Detector-probe tech-
nique

Tracer-probe
technique

Inside-out
technique

Outside-in
technique

What It Can Do

It can find the location of a leak when the
tracer gas is on the inside of the piece in
question. This technique is time-consum-
ing. Because the probe is collecting both
air and helium, it is about 10% as sensitive
as the tracer-probe technique.

It can find the location of a leak when the
tracer gas is sprayed on the exterior of the
piece in question. This technique is time-
consuming.

It can verify if there is a leak and quantify
the size of a leak. The tracer gas must be
on the inside of the piece in question. It
provides a fast go/no-go operation.

It can verify if there is a leak and quantify
the size of a leak. The tracer gas must be
on the outside of the piece in question. It
can provide a fast go/no-go operation.

What It Cannot Do

It cannot tell you the size of
the leak.

It cannot tell you the size of
the leak.

It cannot tell you where the
leak is.

It cannot tell you where the
leak is.

tor during leak analysis. Helium, like other noble gases, is completely
nonflammable.

Helium is found in extremely small quantities (approximately five parts per mil-
lion) in the atmosphere. Any discovery of concentrations greater than normal are
easily discernible. Imagine the challenge of someone looking for water leaking
out of a vessel held underwater.

Helium is relatively inexpensive.* Neon (mass 20), which could pass many of
the qualifying tests for leak detection, fails here because of its greater costs.

Finally, it should be pointed out that helium leaks better than air because it is a
much smaller molecule than air. The kinetic theory of gases predicts that helium
will flow 2.7 times faster than air through an ideal leak at molecular flow condi-

Of

tions. Because of this property, helium can indicate a leakage rate that is greater
than would be encountered in practice. For instance, because helium can permeate
through O-rings, a helium leak detector could indicate a leak (albeit very small) at
an O-ring joint despite the fact that oxygen or nitrogen are not likely to leak past
the same O-ring.

* This level of leak detection is not inexpensive: A new mass spectrometer helium leak detector with
the accompanying equipment can easily cost between $20,000 and $30,000. Purchasing used equip-
ment can significantly reduce the initial costs, but one should not enter the level of helium leak
detection because it seems like a good idea. On the other hand, if you need a helium leak detector,
you cannot afford not to have one.
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7.6.11 Helium Leak Detection Techniques

There are four different approaches to helium leak detection. They are displayed
in Table 7.17. A graphical representation of these techniques is shown in Fig. 7.59
through Fig. 7.61.

Some of the other leak detection methods explained earlier in this section are
based on these techniques. Methods such as bagging parts of a vacuum system
and filling the bagged parts with a probe gas are similar to the outside-in tech-
nique. However, it is not possible to quantify a leak with this approach. Alterna-
tively, filling a container with gas and either submerging it in a liquid or covering
it with a bubbling solution is similar to the detector-probe technique.

What makes the helium leak detector unique is that it can be calibrated against a
standard leak. Then, any measurements made (using the inside-out or outside-in
techniques) can provide a quantifiable number. This calibration feature is usually
more important to the manufacturing industry than to the needs and demands of
the laboratory. For example, when the top of a soda pop can is scored to provide
its "pop-top" feature, the depth of the scoring is very important: If the scoring is
not deep enough, the top will not work as advertised; if it is too deep, the gases
within the container can diffuse out, leaving a flat, nonbubbly product. So, by
periodically checking to see that the amount of helium diffusion past the scored
top is within tolerable limits, the canning industry can ensure that a good product
will be delivered to customers, and the customers will be able to obtain access to
the beverage. The canning industry does not care where the leak is—it already
knows. What it does not know is if the leak is within tolerable limits or not.

When examining a vacuum system for leaks in the laboratory, calculating the
size of a leak is often unnecessary for two reasons:

1. The techniques used to find the size of a leak entail the use of the inside-
out or outside-in techniques, both of which do not allow indication of

To pump

(shut off from system) Sample vacuum line

Stopcocks

Toy balloon

(filled with helium)

Detector-probe Technique

Fig. 7.59 In the detector-probe technique, the tested piece is filled with helium
and the sniffer probe "sniffs" the areas in question to detect leaks. Always "sniff"
from bottom to top.
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Helium leak

detector

Bell jar, hood, or some

other type of covering.

Cover

(filled with

helium).

Test piece

(filled with

helium).

Inside-out Technique

Fig. 7.60 Using the inside-out tech-
nique, the piece in question is filled
with helium and then placed in a cov-
ering of some type that can be evacu-
ated. Any helium that is released
within this covering will be detected
by the helium leak detector. Note that
the tested piece can have either end
lifted up so that all surfaces are
exposed to the vacuum. From Intro-
duction to Helium Mass Spectrome-
ter Leak Detection, Figs. 3.3 and 3.4,
by Varian Associates, Inc. © 1980,
reproduced with permission.

Outside-in Technique

Fig. 7.61 With the outside-in tech-
nique, the piece in question is directly
connected to the helium leak detector.
A covering, or hood, is placed all
around the tested piece and is filled
with helium. Any helium escaping into
the tested piece will be detected by
the helium leak detector. From Intro-
duction to Helium Mass Spectrometer
Leak Detection, Figs. 3.3 and 3.4, by
Varian Associates, Inc. © 1980, repro-
duced with permission.

where the leak is. With a vacuum system, we are trying to find the loca-
tion of a leak so that the leak can be eliminated.

2. Although on occasion it may be useful to know the relative size of one
leak to another, the specific size of a leak is irrelevant. If the leak is
large in relation to the standard leak, it should be repaired. On the other
hand, if the leak is close to the size of the standard leak (and your sys-
tem does not get below 10"7 torr), there is little reason to repair the leak.

Even if there is no reason to quantify any given leak, it is still important to
establish a leak limit for the helium leak detector before leak hunting begins. This
limit is set with a standard leak.

A standard leak is a small container that leaks helium at a very slow and specific
amount. As mentioned before, helium diffuses through borosilicate glass (or
through ceramic or capillary tube). This diffusion is very consistent at any given
pressure and temperature. Within the standard leak is a thimble of borosilicate
glass (see Fig. 7.62) around which is the stored helium. The helium leak rate var-
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Valve Impermeable outer jacket

V / Borosilicate tube

Fig. 7.62 An example of one standard leak design.

ies approximately ±3% per degree C above or below its standard temperature of
22°C.

Standard leaks come from the factory with their calibrated leak rate imprinted
on their sides. The approximate annual attenuation is also indicated. After a cer-
tain amount of time (every 5 to 10 years) they can be returned to the factory for
either recharging and/or recalibration. Recalibration is not critical if the helium
leak detector is being used only for leak location and not leak calibration.

Standard leaks should be handled carefully and not dropped because sharp hits
can break the glass inserts. They should not be stored with their valves closed.
Otherwise, an artificially high accumulation of helium would be created in the
area between the valve and glass tube. The valve provides temporary stoppage of
helium calibrations between its use during leak readings.

Because of the many different brands and types of helium leak detectors, it is
impossible to explain how to operate your particular model use your owner's man-
ual. If you cannot find the owner's manual for your machine, contact the manufac-
turer and obtain a replacement, possibly for a nominal charge. If you have been
using your leak detector on the fly with apparent success, it would still be worth-
while to obtain the manual.

7.6.12 General Tips and Tricks of Helium Leak Detec-
tion
Probably the biggest problem with helium leak detector use comes from the con-
struction material of the vacuum system or apparatus being tested. If the materials
within the tested piece readily absorb helium, a false and/or confusing reading
will exist for a considerable time afterward and will remain until the helium has
left the piece.

A second complication can come from materials that helium can easily perme-
ate such as the elastomers used in O-ring connections. Helium readings from
these materials can distract you from other "true" leak readings. Once an elas-
tomer has become saturated with helium, it slowly desorbs the gas, which creates
a large background noise. This background noise interferes with a helium leak
detector's sensitivity and performance. All elastomers readily absorb, and slowly
desorb, helium. Thus the fewer elastomers used within a system, the less of a
problem there will be. Silicone tends to absorb helium the most, followed by nat-



460 Vacuum Systems

Table 7.18 Permeability of Polymeric Materials to Various Gases"

std cm3 cm/cm2 sec bar x 108 (note bar = 104 dynes/cm2)

Material
BunaS
Perbunan 18
Neoprene G
Rubber, natural
Rubber, methyl
Rubber, dimethyl silicone
Teflon, FEP
Teflon, TFE
Fused silica

Vycor

Pyrex

Soda-lime

X-ray shield

Vitreosil

Helium
17.3
12.7
3.38
25.0
10.9
263
30.1
523
0.75

1.13

0.09

5.6 x 10"4

3.1 xlO"7

0.480

Hydrogen

30.1
18.9
10.2
38.3
12.8
495
9.89
17.8

1.1 xlO"4

3.8 xlO"4

b

b

b

b

Nitrogen
4.7
1.89
0.88
7.4
0.36
210
1.44
2.4

b

b

b

b

b

Oxygen
12.8
6.12
3.0
17.5
1.6
450
3.37
7.5

b

b

b

b

b

b

a Edited selection from Introduction to Helium Mass Spectrometer Leak Detection, Table 6.1, pub-
lished by Varian Associates, Inc. ©1980, p. 49, reproduced with permission.
* Data not provided

ural rubber, Buna-N, and then neoprene. The permeability of several materials is
included in Table 7.18.

One additional complication with elastomers has to do with the connection
between a vacuum system and a helium leak detector. If it is possible, connect the
two with a nonelastomeric connection such as a stainless steel bellows. If this
connection is not possible, the best elastomeric connection that you can use is a
high-vacuum, thick-walled (!/2 in I.D., 3/16 in. wall) vinyl tube of the shortest
length possible. Do not use rubber or neoprene tubing. If you have several systems
that may need leak detection, it is unlikely that one length of tube will accommo-
date all systems. It is best to have several connecting tubes, one for each system
(or several systems) being tested, to allow you to select the shortest one that can
be successfully used.

The actual connection between the vacuum system being tested and the helium
leak detector can be made at a variety of points. One approach is to attach the con-
necting tube to the foreline of the diffusion pump where the fore pump would nor-
mally be connected. This attachment has the advantage of being physically at the
end of the system, and therefore it is less likely to encounter confusing signals as
you examine the system from one end to the other. The disadvantage is that you
need to remove, and then later replace, the fore-pump hose. In addition, this
attachment can only be made if the system being tested is small (i.e., less than 5 to
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better fit the vinyl tubing
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Fig. 7.63 Using standard taper joints to connect a helium leak detector to the
vacuum system being tested.

10 liters). If the system is any larger, the pumping system of the vacuum system
being tested will be needed to assist the helium leak detector's pumping system.

Alternatively, you may attach the helium leak detector to any of the demount-
able connections that you already have on your system, such as standard taper
joints (see Fig. 7.63). Always use a hose clamp on both ends of the tube connect-
ing the helium leak detector and the vacuum system being tested to ensure a leak-
tight fit.

The simplest way to limit the effects of permeability during leak detection is to
work quickly. The longer a material is exposed to helium, the greater the satura-
tion will be, and the greater the amount of time necessary for the helium to be
pumped out of the system. Helium can leak through an O-ring within five min-
utes, and even faster through a rubber diaphragm. If an O-ring becomes saturated
with helium and its saturation is affecting your leak check, try removing the O-
ring and replacing it with one that was stored away from any helium. The offend-
ing O-ring will be fine to use again within several days. Another approach is to use
the permeability of the helium in the elastomer as a base level, sort of a constant
level of noise. Then all helium found beyond that level would indicate a leak.
Although this process eliminates the problem of changing elastomers, it signifi-
cantly decreases the sensitivity of the leak detector.

Aside from permeability and absorbency complications, other universal con-
cerns of helium leak detection are factors such as source operating pressure,
spraying patterns (for tracer-probe technique), response time, clean-up time, and
cold trap usage. Pump use and general helium leak detector maintenance opera-
tions are also fairly universal.

The source operating pressure is the vacuum necessary to operate the leak
detection device. This pressure is not specific, rather it is a pressure range within
the leak detector which works. Optimistically, we want the helium leak detector,
and the system to which it is connected, to have the greatest possible vacuum.
This gives the tracer-probe technique the maximum sensitivity with the quickest
response time. As an added benefit, when one is operating at a very high vacuum,
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Fig. 7.64 Using a plastic tube to increase the sensitivity of a sniffing probe.

the amount of maintenance required for the leak detector is at a minimum due to
less potential contamination. (There is, of course, an amusing contradiction here:
if you require a leak detector, you are not operating at the highest possible vac-
uum.)

Most helium leak detectors will not operate with pressures above 10"4 torr to 10"
5 torr. At these greater pressures, the main element to the mass spectrometer will
burn out. Fortunately most, if not all, helium leak detectors have various safety
check mechanisms that automatically shut off the current to the main filament if
the pressure goes above a set limit. So, you must depend on alternate leak detec-
tion methods, or use the detector-probe technique to discover large leaks. Once
large leaks have been discovered and closed, you can concentrate on the smaller
leaks that can be found with the tracer-probe technique.

The detector-probe technique is, at best, about 10% as sensitive as the tracer-
probe technique. It can be made more sensitive by placing a greater pressure of
the probe gas within the system. This greater pressure cannot be used on glass
systems for fear of blowing out stopcock plugs or standard taper joint pieces. One
technique for introducing helium to your vacuum system (with a moderate pres-
sure) is simply to fill a balloon with helium and attach it to the vacuum system.
The pressure within a helium balloon is not great enough to do any damage to a
glass vacuum system. However, be careful how you "sniff around the balloon to
avoid misreading helium permeating from the balloon walls. Using a Mylar bal-
loon will provide less permeation through the walls, but it is more difficult to
attach to the vacuum system.

By placing a small vinyl tube over the end of the "sniffer probe" (see Fig. 7.64),
it is possible to press the tip of the probe over the area of the possible leak. This
method closes the leak off from ambient air, which both increases the sensitivity
at this location and helps to precisely pinpoint the leak site. If you hold the vinyl
tube too long near the helium, it will become saturated, and your "sniffer" will be
reading the "leak" from the plastic on the nose of the probe. If this saturation
occurs, have another plastic tube (that has been kept away from any helium) ready
to slip on. A saturated tube will lose its helium in several days.
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® Q)

Helium leak

detector

Fig. 7.65 A suggested pattern for spraying helium on a vacuum system when
using the tracer-probe technique. The pattern is a compromise between proxim-
ity to the leak detector and spraying high before low areas.

If you ever wish to change from the detector-probe technique to the tracer-probe
technique, you must remove all the helium already in the vacuum system by run-
ning the leak detector's vacuum system and/or the pumps of the vacuum system
being tested for a period of time. Otherwise false and/or artificially high readings
may affect any serious or useful leak testing. A dry nitrogen purge is recom-
mended to help sweep the helium out of the system.

The spraying pattern used with the tracer-probe technique is important.
Improper spraying can significantly affect the amount of time and quality of the
leak detection. If there is too much ambient helium in the air (caused by sloppy
helium spraying), false readings can result. You can blow helium from a pipette tip
or from a blunt hypodermic needle inserted in the end of a tube connected directly
to a regulator on a helium compressed gas tank. To control the flow rate, you will
need to adjust the needle valve on the regulator. To see the amount of helium
spraying out of the tip, place the pipette tip into a beaker of water. The flow rate
can then be set to allow for a slow but steady stream of bubbles.

The location of where to spray is a combination of (1) spraying the system parts
close to the helium leak detector and then moving further out and (2) spraying the
highest parts of the system and then moving on down toward the floor. The reason
for the former is to keep cleanup time and response time to a minimum. Other-
wise, you must wait for all the helium to be removed before you can check for
leaks closer to the detector. The reason for the latter is because helium rises in air.
If you spray down low first, the helium that drifts up may get sucked into an
unknown leak in a higher section of the vacuum system, thus creating confusion
as to whether the leak is in the area you are studying or anyplace above the area
you are studying. See Fig. 7.65 for a suggested spraying pattern.

Response time can be easily explained with a hot water analogy: When you turn
on the hot water in your shower, water immediately comes out of the shower fix-
ture, but there is a time lag before hot water arrives. This lag time is simply a func-
tion of water pressure, the amount you have the valve open, the pipe diameter, and
the distance between the hot water tank and the shower. It is important to keep in
mind this delay factor, or response time, when operating a helium leak detector.



464 Vacuum Systems

For example, say your setup takes one minute from the time you introduce helium
to a leak until it is acknowledged by the helium leak detector. In addition, say your
spray probe is being moved at four inches per minute (which is pretty slow if you
think about it). You will therefore be four inches away from a leak when it is first
identified. Generally, moving the spray probe at a rate of one foot per minute pro-
vides an adequate time response, which of course can be made faster or slower as
conditions warrant. However, if you know the response time, you will know about
how much to back up to retest the area in question to allow pinpointing the spe-
cific leak spot.

The response time for a helium leak detector is "the time required for a known
leak rate to be indicated on the leak detector from zero to 63% of its maximum
equilibrium level." Of course the helium leak detector must be calibrated with a
standard leak so that the maximum reading can be properly set on the leak detec-
tor. The response time is dependent on the quality of vacuum, the size of the leak,
physical barriers (such as constrictions, bends, or traps) between the leak and the
leak detector, and the proximity of the leak to the leak detector. Because of so
many factors, there can be no set specific response time.

The cleanup time is the length of time for the detection signal to stop indicating
that it is sensing a leak. More specifically, it is "the time required after removal of
a tracer gas from a leak for the initial leak indication to decay 63% of the indica-
tion at the time the leak was removed."88

Cleanup time is almost always longer than response time because of the diffi-
culty in desorption of helium from a vacuum system, compounded by helium per-
meation into porous materials. So, when using the tracer-probe technique do not
overspray helium onto your system. The more helium that enters your system, the
more that can permeate into porous materials and the longer the cleanup time.

Liquid-nitrogen cold traps stop condensable vapors* from traveling between
mechanical pumps, diffusion pumps, and the rest of the system. They also protect
the helium leak detector from possibly contaminating materials (such as silicon-
based diffusion pump oil).

Any coating that develops on the ion source of the helium leak detector will
hinder operation. This coating is not easy to prevent because during operation, the
ion source behaves like a getter-ion pump, drawing materials to its surface. There-
fore anything that can be done to protect the ion source without hindering normal
operation is desirable.

During operation, maintain the liquid nitrogen at a constant level to prevent the
evaporation of condensable vapors that could in turn collect on the ion source.
Use the trap-filling method suggested in Sec. 7.4.3.

Helium is a noncondensable gas. If you are using an oxygen or halogen probe gas, you have a new
complication because these gases are condensable. Thus, using a cold trap will likely prevent the
leak detector from detecting the tracer gas. Because a liquid nitrogen cold trap would not be practi-
cal in this circumstance, consult the manufacturer for assistance on how to protect the electronics of
your leak detector.
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During operation, if a heavy buildup of vapors collects on the cold trap, an inci-
dental backlog of probe gas can develop, thus causing a rise of background probe
gas noise, which in turn slows down the speed of detection ability and decreases
the sensitivity of the leak detector. If this situation develops, close the valves to
the vacuum system being checked, turn off all gauges within the leak detector,*
and let the cold trap heat up. Meanwhile, the pumps should remain on to draw the
condensable vapors from the leak detector. Do not run the mechanical pump with
the diffusion pump off under a no-gas load (nothing coming in) condition because
mechanical pump oils will backstream into the diffusion pump.

The following are several extra general maintenance tips:
1. If you need (or desire) to run the mechanical pump of a helium leak

detector with the diffusion pump off, the best means to protect the diffu-
sion pump oils is with a dry nitrogen gas purge. This purge will prevent
mechanical pump oils from backstreaming into the diffusion pump.f

The leaking dry nitrogen maintains a low-level laminar flow toward the
mechanical pump. The nitrogen (leak) pressure should be maintained
between approximately 1 and 10~2 torr.

2. Never use anything but hydrocarbon oils in the diffusion pumps of
helium leak detectors. Silicon oils can deposit insulating layers on the
ion sources of the mass spectrometers and ion gauges. However, if
hydrocarbon oils are allowed to migrate to the guts of the leak detec-
tor's mass spectrometer section, they can be cracked by ions and elec-
trons. The cracked hydrocarbon remains can deposit on the filaments
and other system parts, causing a loss of sensitivity and resolution.
Admittedly the effects of hydrocarbons are not good, but they are better
than the effects of silicon oils.

3. Within a helium leak detector, there are valves that isolate the mass
spectrometer and gauge sections, the diffusion pump, and the trap from
the rest of the system. These valves are used to prevent contamination
or damage to these sections when cleaning, adjusting, or venting is
required during use. Find and use them.

4. When shutting down a system, it is best to remove a cold trap while it is
still full of liquid nitrogen. This removal procedure will help decrease
the amount of material that could pass into the leak detector, or the leak
detector's pumping system, after the system is turned off. The process
for removing a trap is as follows:

(a) Be sure that all protective valves around the cold trap are closed

This procedure should always be done when running any vacuum system without the use of traps
because of the damage some condensable vapors can do to vacuum gauges.
f On a regular vacuum system, this can be done by either (a) separating the diffusion pump from the
rest of the system by stopcocks or valves or (b) the use of a nitrogen cold-trap between the mechani-
cal and diffusion pump.
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before venting the area around the trap to atmospheric pres-
sure.

(b) Wear protective gloves.

(c) Pour the liquid nitrogen into another Dewar, or some safe recep-
tacle. Do not pour the liquid nitrogen down a sink or in a con-
tainer not designed to hold cryogenic materials.

(d) Allow the trap to warm up.

(e) Gently wipe clean with a rag or Kimwipe. Use tolulene for a final
wipe (these traps are made of very thin metal to facilitate heat
transfer. They are very vulnerable to dings, bangs, and
bumps, so be very careful).

(f) When replacing a trap, be sure that any gasket (if present) is clean
and in place. If there are any bolts to tighten, use a rotational
tightening pattern as shown in Fig. 7.53.

Alternatively, you can run a dry nitrogen gas purge at a pressure of approxi-
mately 200-300(0,* This purge should be left on after the diffusion pump is turned
off, and it should remain on while the mechanical pump is left to pump overnight.
As the trap warms up, all the contaminants will be discharged out of the system.
The next day, the leak detector can be restarted by adding liquid nitrogen to the
trap, starting the diffusion pump, and turning off the nitrogen purge.89

Calibration can be done every time you start a system up; but for general leak
detection, calibration is less important. However, whenever any general repair or
replacement maintenance is performed, such as replacing the filament on a mass
spectrometer, calibration becomes mandatory. See your owner's manual for spe-
cific instructions.

7.6.13 Repairing Leaks

If a leak has been located with a Tesla coil, you may find a (very) small white dot
where the spark went through the glass. This dot may be hard to relocate, so it is
best to clearly mark the exact location of the hole with a grease pencil or any other
marker that can write on glass. Other leak detection techniques do not leave any
mark, and some marking is essential.

The best possible repair for a leak within a glass system* is for the leak to be
removed (see Fig. 7.66), the whole area to be heated and blown smooth, and,
finally, the worked area to be flame-annealed to prevent later cracking.

A temporary solution to vacuum system leaks that has been used for quite some
time is the application of Glyptol. Although this approach may work in some iso-

* See page 356 for information on how to make a dry nitrogen purge.
+ The repair of a leak on a glass system should be done by someone with glassblowing experience.
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Fig. 7.66 Removing a hole from a glass seal by removing the glass around the
hole with a glass rod and a gas-oxygen torch (not shown).

lated circumstances, covering a hole with Glyptol or any other temporary patch
should not be relied on because:

1. There is a chance that you may create a virtual leak.

2. Once a system is (temporarily) repaired, there is a good chance that the
need for a permanent repair will drop ("out of sight, out of mind").
Temporary repairs are, at best, temporary and should not be relied on
for future needs.

3. Glyptol, or other temporary leak repair material, can be very difficult to
properly remove from a glass surface. Total removal of any temporary
sealant must be done before any glassworking can be done.

Obviously there will be times when the temporary repair of a leak is essential,
but otherwise it is best to make all repairs permanent.

After a leak has been discovered and removed and the glass repaired, flame-
annealed, and cooled, the system must be leak checked again not only to verify
that the repair was successful, but to see if there are any other leaks that need
repair. It is not uncommon for another leak to be immediately adjacent to the first
leak. An adjacent, smaller may be unable to attract the spark from a Tesla coil
away from a larger leak. Or, a larger leak can cause too much helium noise for a
smaller leak to be pinpointed. However, once larger leaks are repaired, smaller
leaks can be more readily identified.

7.7 More Vacuum System Information

7.7.1 The Designs of Things
As you work with vacuum systems, you may be called upon to design new parts
and/or sections for the system. Your success will depend on your experience with
the materials you select, your choice of materials, and your access to experienced
technicians.
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If you require metal components on your vacuum system, select metals with
low gas permeation, such as 300 series stainless steel. It is nonmagnetic and, like
glass, is a poor conductor of heat and electricity. Stainless steel, also like glass, is
relatively nonreactive, and therefore is less likely to rust or be affected by chemi-
cals. If welding the stainless steel is required, select 304L stainless steel, which is
low in carbon. Otherwise, at welding temperatures the carbon will combine with
the chromium (within the stainless steel) to form chromium carbide and the corro-
sion protection of the chromium will be lost. Type 303 stainless steel should not
be used for vacuum work because it contains selenium, which has a high vapor
pressure.

The metals zinc and cadmium should be avoided because of their high vapor
pressures. Metals that include zinc and cadmium alloys such as brass (copper and
zinc) and some silver solders (cadmium) should also be avoided for the same rea-
sons. It is possible to obtain cadmium-free silver solder and brazing materials that
use tin, lead, and indium for vacuum use. Some steel screws are cadmium-coated
and also must be avoided.

Copper is often used as gasket material, such as in Conftat (Varian) flanges,
however, standard copper is often permeated with oxygen. If copper is heated in a
hydrogen environment, the oxygen combines with the hydrogen to form water,
which causes the copper to become brittle. Thus, when selecting copper, obtain
OFHC (oxygen-free high-conductivity) copper.

Besides copper, indium is often used as a metal gasket material. Despite its lack
of elasticity and its limited operating temperature (100°C), indium wire (0.8 - 1.6
mm) can easily be bent into a circle of any desired size and, if the ends are over-
lapped, no soldering is required. Aluminum can be made into a gasket as well by
using a wire (0.5 - 1 mm), bending it into a circle of the desired size, and solder-
ing it together using a flux. The flux must be washed off before use. Aluminum
can be used to temperatures as high as 400°C. Gold is probably the best material
for gaskets because it requires no flux to join the ends of a circled wire and can be
used to temperatures as high as 450-500°C.

Parts are fairly easy to attach and change with metal systems; it is mostly a mat-
ter of unbolting one unit and replacing it with another. Be sure to follow the bolt-
ing techniques described in Sec. 7.6.4 to ensure even cutting on gaskets and equal
torque on flange surfaces.

Glass systems are a little different: If you have not worked with glass before, do
not try to learn glassblowing on an already made vacuum system. If you want
to learn some glassblowing techniques, it is imperative that you start with small
items at a bench before risking the destruction of a very valuable piece of equip-
ment. Watching an experienced glassblower is deceiving because it looks easy. A
concert pianist makes playing piano look just as easy, but playing the piano is just
as difficult.

This book is not an instruction book on glassblowing. Chapter 8 has some tips
on gas-oxygen torch use, and Appendix D contains some recommended books for
your consideration. The following discussion will also provide some of the
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Fig. 7.67 Support on vacuum lines must be connected to the vertical bars of a
support rack, not the horizontal bars.

dynamics of glass vacuum systems so that common errors and problems can be
avoided. Consider the following questions before doing any glasswork and/or
additions to a vacuum line:

Are the Glasses You Have to Work with Compatible (see Sec. 1.1.5)? Trying
to repair a small leak in a vacuum line made of borosilicate glass by filling a hole
with a soda-lime glass will result in an entire day of repair by a qualified person
instead of the half-hour originally required.

Do Any of the Items Being Added onto the Vacuum System Have any Con-
cave Surfaces? Convex items can support themselves against atmospheric forces
with a vacuum on the other side. Concave-shaped items, on the other hand, cannot
deal with the stress unless they have been specially built. For example, a standard
Erlenmeyer flask cannot withstand atmospheric forces against a vacuum because
the base is somewhat concave. However, a filter flask can withstand these pres-
sures because it is constructed out of heavy-walled glass. There should be the
same concern of implosion, whether a vacuum is created by a small single-stage
vacuum pump or with a vacuum system capable of ultrahigh vacuum. The greatest
percentage of change in force against an walls of a container occur when the item
is brought from atmospheric to about 1 torr because the primary force at work is
atmospheric pressure, not the vacuum. Remember, a vacuum of about 1 torr can
pull water about 33 ft into the air, but no matter how much more vacuum is
applied, the height of the water is raised a millimeter or so.

Fig. 7.68 If you tighten two- or three-fingered clamps or clamp supports (dark
arrows), it is important to relieve the stress that is created on the glass by heating
the connecting glass (hollow arrows).
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Top view Side view

Fig. 7.69 Placing cut rubber tubing on a support ring makes a good support for a
round-bottom flask.

Are Your Vacuum Line Supports on Vertical or Horizontal Rods of the Vac-
uum Rack? Vacuum lines are supported by two- and/or three-fingered clamps,
which in turn are held onto the vacuum rack by clamp supports that grip the rack
by screws. Regardless of how tightly a clamp support is screwed down, it's not
difficult to swing a support one way or another. This movement can be an advan-
tage if you wish to swing away a support for a Dewar, but could be a disaster for a
vertical axis support of a vacuum line (see Fig. 7.67). A disaster could also happen
when an entire system or just a single item, is supported on horizontal bars.

Are Sections Between Vacuum Parts Breaking as You Tighten Two- and/or
Three-Fingered Clamps or Clamp Supports? Glass is perfectly elastic until the
point of fracture and it is easy to place too much torque against glass with the
tightening screws of clamp fingers and/or clamp supports. During and/or after
placing parts of a vacuum system in these devices, relieve the tension by heating
the glass sections between the clamps (see Fig. 7.68). The heating should be done
with a gentle, bushy flame. Be careful not to get the flame near larger-diameter
tubing or near glass seals that could cause strain within the glass. These situations
could cause later cracks or breaks.

Are There Rubber Cushions Supporting Round-Bottom Flasks on Support
Rings? By simply taking pieces of rubber tubing and slitting them open along one
side, protective surfaces are made on which to lay round-bottom flasks (see
Fig. 7.69). This method of protection should not be used if a round-bottom flask is
wanned greater than 100°C, or if you plan to heat the round-bottom flask in its
support (see Sec. 1.1.9 for information on how to heat round bottom flasks). Such
heating can burn or melt the rubber or vinyl tubing, releasing dangerous fumes.

Kevlar or
glass wool tape

Fig. 7.70 Use Kevlar or glass wool tape on two- and three-fingered clamps, espe-
cially if they will be subjected to any heat.
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Is There Fiberglass, Kevlar, or Ceramic Tape Protecting the Glass from
Two- or Three-fingered Clamp Arms? When purchasing new two- or three-fin-
gered clamps, they will be supplied with either a plastic coating or fiberglass cov-
ers on the fingers. Asbestos covers are no longer commercially available. The
plastic provides protection for the glass, but cannot survive any significant heat or
direct flames. It is possible to obtain fiberglass covers to replace the coverings on
older two- and three-fingered clamps (see Fig. 7.70). Another choice for covering
clamp fingers is Kevlar tubing. The advantage of Kevlar is that one size of tubing
will fit many size fingers. The drawback is that Kevlar tubing unravels easy, so it
should be limited to long-term holding and not used with clamps that are in con-
stant (open and close) use. There are dipping solutions sold in hardware stores
whereby you can provide your tool handles a plastic covering. These products can
be used to place, or replace, the plastic on clamp fingers. Two to three coats have
shown to provide an excellent coating. Be sure to use with adequate ventilation as
they typically contain tolulene.

Are You Unable to Squeeze the Fingers of a Two-Fingered Clamp Down
Sufficiently to Obtain a Good Grip on Small-Diameter Tubing? There are two
choices to resolve this problem depending on the conditions surrounding the sec-
tion of tubing in question. The easiest solution is to take a short piece of flexible
tubing, slit open the side, and wrap this tubing piece around the glass tubing
where the clamp will support the item. This slitting of the flexible tube is exactly
the same process described in Fig. 7.69, except the slitted tube goes onto straight
tubing instead of the support ring. If, on the other hand, the glass tubing will be
heated, the piece of flexible tubing could be damaged. In these environments,
wrap ceramic tape* (do not use asbestos tape) around the tubing that would other-
wise be too narrow for a fingered clamp to obtain a firm grip (see Fig. 7.71).

Are You Snapping Stopcocks Off at the Base While Rotating the Plug?
Whenever possible, stopcocks should be supported from both ends by fusion to
other glass and/or by a two- or three-fingered clamp, although this support cannot
always be supplied. One of the purposes of an extra clamp is to provide support
and bracing against the torque from accidental knocks. The main purpose of an
extra stopcock is to protect it from heavy-handed rotation. As stopcock grease gets
old, it becomes thicker and loses its slippery nature. When rotating a stopcock

Glass tubing with
ceramic tape

wraped around it

Fig. 7.71 Wrapping ceramic tape around glass tubing makes it easier to be held
by two- or three-fingered clamps.

Ceramic tape can be obtained from the various glassblowing supply houses mentioned in Appendix
C, for Sees. C.I.
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^ ^ H Rotation of the

Tension is created ^ ^ - ^ ^ ^ p l u f l

here y j 7 / ^ Torque is created on
the entire stopcock
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Fig. 7.72 By rotating the stopcock plug without proper support, torque is created
on the stopcock. If the tension is great enough, the stopcock may break.

plug with old grease, tremendous torque can be created on the stopcock and it can

snap off at the base (see Fig. 7.72).

This breakage can be prevented by maintaining fresh stopcock grease in the

stopcock and by holding the stopcock with one hand while rotating the plug with

the other. In fact, it is always best to hold the body of a stopcock with one hand

while rotating the plug with the other.
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8

The Gas-Oxygen Torch

8.1 The Dynamics of the Gas-Oxygen Torch

8.1.1 Types of Gas-Oxygen Torches
There are operations in the laboratory that require more flame heat than a Bunsen
or Fisher burner can provide. For example, if you wish to fire-polish the end of a
chipped glass tube or "seal off' (also called "tip off) a sample for NMR study,
you will need to use a gas-oxygen torch.

A Bunsen burner burns methane (lab gas) and the oxygen available in air
(=21%) and cannot provide sufficient energy to effectively work borosilicate
glass, which makes up most of the glassware used in a laboratory.* To obtain more
energy you must use a flammable gas (methane or propane), pure oxygen, and a
torch that is specifically designed for this type of use. There are two torch designs
for gas-oxygen combustion, one is known as a premix torch and the other is
known as a surface-mix torch.

The designations premix and surfacemix refer to the region of the torch where
(in relation to the tip) the gas and the oxygen are mixed before combustion. A pre-
mix torch design combines the gas and oxygen in the neck of the torch before they
reach the tip. A surface-mix torch keeps the gas and oxygen separated until they
are mixed at the moment of combustion. Both types of torches are represented in
Fig. 8-1. In addition to these designs, there are larger table models (of both
designs) typically used by glassblowers. These table models are impractical for
laboratory use because they are not portable and cannot be used for operations
such as sealing off tubes.

Superficially, the torches look similar. However, there are distinct advantages
and disadvantages to both. The premix design is less expensive, and because it has
one flame emitted from the tip (see Fig. 8.2) it is possible to obtain precise heating

•Typically, the first opportunity that one has to do any glass work is making an eye dropper or bend-
ing a tube with a Bunsen burner. This is possible because the glass used was soda-lime glass. Most
of the glassware used in the laboratory is borosilicate glass, which has a higher working temperature
than soda-lime glass. For more information on the different types of glass used in the laboratory, see
Sec. 1.1.5.
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Fig. 8-1 Surface-mix and premix torch designs. The illustration of the surface-mix
torch is based on the Sharp Flame Hand Torch made by the Bethlehem Appara-
tus Company, Inc. (Hellertown, PA 18055), reproduced with permission. The illus-
tration of the premix torch is based on the National Torch made by Premier
Industries (Fridley, MN 55432), reproduced with permission.

in one specific location. On the other hand, although it is possible to control the
size and character of the flame to some degree by controlling the gas and oxygen
flow, radical flame size changes require changing the removable tip with one of
five different available sizes. In addition, the premix torch's flame is louder than
the surface-mix torch.

Probably the biggest disadvantage of a premix torch is the characteristic of the
torch to pop loudly when attempting to change the flame size or when turning the
flame off. This popping sound will occur if the rate of gas combustion is faster
than the gas flow rate from the tip. If the gas speed is too slow, the flame can enter
the neck where premixed gas and oxygen are ready to instantaneously combust
(explode) with a pop. This noise invariably does more damage to your nerves than
anything else. If your torch has popped, turn off both oxygen and gas needle
valves*, then open the oxygen valve until you hear a loud hissing noise for several
seconds. Finally, close the oxygen valve and relight the torch. To prevent the pop,
maintain steady and full gas and oxygen flow rates. For more of poping preven-
tion, see Sec. 8.1.3.

*Be sure to close the gas valve before fully opening the oxygen valve as the [greater] oxygen pres-
sure could force oxygen into an open gas valve and into the gas line where potential damage could
occur if a "pop" is created.
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Fig. 8.2 The various tips of the surface-mix and premix torches.
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When using the premix torch to work on borosilicate glass, use a gas-oxygen
tip design, not a gas-air tip* (both tip designs are represented in Fig. 8.2). Using a
gas-air tip with oxygen will cause a great deal of popping and may cause damage
to the tip or torch. The gas-oxygen tip comes in a variety of types and sizes: " 1 " is
the smallest size, and "5" is the largest. A size "3" tip is a good, general-size tip
for most needs around the lab.

The surface-mix torch (see Fig. 8.2) has a nonremovable, one-piece tip with
multiple holes, or channels, that run the length of the neck. The oxygen passes to
the tip using the area surrounding the gas tubes. This design prevents any mixing
of the oxygen and gas until they meet at the tip, where combustion takes place.
These torches are impossible to pop, and glass tubing from sizes 4 to 35 mm can
all be heated without changing the tip (there are no tips to change). The surface-
mix torch cannot be used as a gas-air torch.

In both torches, different flame sizes are obtained by controlling the amount of
gas and oxygen. However, in the surface-mix design, you do not need to change
tips to achieve the same range of flame sizes that are capable with the premix
torch. On the other hand, the premix torch can achieve significantly smaller, and/
or more concentrated, narrower flames than the surface-mix torch. The premix
torch's flame has a cooler hole in the center of the bushy flame, while the surface-
mix's bushy flame is more uniform throughout (see Fig. 8.3). Some people like
the subtle heat variations that are possible in the premix design, while others pre-
fer the uniformity of the surfacemix. All in all, the decision of which type of torch
to use (surfacemix or premix) is based on the personal likes and dislikes of the
user. For most laboratory uses, either is sufficient.

The connection between the gas hose connection of the torch and the gas source
can be made using Tygon, an amber latex, or any similar tubing used to connect

*To use a premix torch with a gas-air tip, connect the hose connection for the green knob to a house
air supply, or a tank of compressed air, rather than to the regulator of an oxygen tank.
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Fig. 8.3 Surface-mix and premix design flame characteristics.

gas lines in the lab (or a propane tank).* (The advantages and disadvantages of
amber latex versus Tygon tubing are discussed on page 290.) The oxygen hose
connection can also be connected using Tygon, a heavy-wall amber latex (V4 in. x
'/g in.), or any similar tubing used to connect a regulator attached to an oxygen
tank.1^ Open any needle valve on the regulator fully to control the gas flow from
the needle valve on the torch, not from the regulator. Paired tubing is available
where one tube is red or orange and the other tube is green. This tubing can be
handy to know which tube is carrying gas (the orange or red) and which is carry-
ing oxygen (green). Laboratory gas pressure is typically so low that there is essen-
tially no chance for gas pressure to blow the tubing off the torch. If the gas is from
a propane tank, the pressure may be sufficiently great to potentially cause the tub-
ing to be forced off. The same potential exists with the oxygen tube. However, if
the oxygen regulator is set for about 5-10 lb. of delivery pressure, this is
extremely unlikely. Regardless, to ensure safety, either a screw clamp (see
Fig. 1.11) can be placed on the torch barbs (hose connections) or some nichrome
wire can be wrapped around the barb and secured tightly with a pair of pliers.

8.1.2 How to Light a Gas-Oxygen Torch

Although it may seem straightforward, lighting a gas-oxygen torch seems to pro-
vide a challenge for a surprisingly large number of people. Probably the biggest
mistakes in torch-lighting are either (a) not allowing enough time for the gas to
reach the torch tip or (b) flooding the torch region with too much gas. The former
is similar to turning on the shower water but not waiting for the hot water to reach

*Acetylene should not be used on glass because it is a dirty gas and can leave undesirable deposits.
tBefore opening the main tank valve, set the outgoing pressure of the oxygen regulator to zero, then
bring the pressure up to 5-10 lb. Too much pressure on the hoses can blow them off the hose connec-
tions or cause the tubing to expand like a balloon.
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the tub. The latter is simply not allowing enough air in the region to support com-
bustion. A simple step-by-step process is as follows:

1. Be sure that any valves from the gas and oxygen supplies to the torch are
open and that both gases are available.

2. Open the torch's gas and then oxygen valves for a second or two to
purge any air that might be in the lines, then close them. There is a
definable noise change when air has passed through the torch and gas
has arrived. In addition, you can smell the gas. Neither of these aids
are available with oxygen.

3. If you are using a match or lighter, first start the flame on the match (or
the lighter), hold it near the tip of the torch, and then slowly open the
gas (red) needle valve until you have a three- to four-inch flame.

4. If you are using a striker, slowly open the gas (red) needle valve about 1/
4 to 1/3 of one revolution, then strike the striker several inches from
the tip of the torch. Once the flame has ignited, set the size of the
flame to three to four inches.

5. Slowly open the oxygen (green) needle valve until the flame is lightly
hissing. If the flame is flickering and jumping around, increase the
oxygen. If the flame is very thin and hissing loudly, decrease the
amount of oxygen.

Note: You control the size of the flame with the gas and the character of the
flame with the oxygen. The character of a flame refers to its shape of either a cool-
bushy flame (not enough oxygen) or hot-hissy flame (too much oxygen). If you
make a major change of flame size, you will probably need to readjust the oxygen
for the new flame size. Minor changes of flame size will maintain the same char-
acter.

8.1.3 How to Prevent a Premix Torch from Popping
Popping is caused when the flow rate of the gas leaving the tip is slower than the
flow rate of the flame burning its way back into the tip. Once the flame enters the
tip, it can ignite the gas and oxygen within (the tip) in an uncontrolled manner,
resulting in an explosion and a loud "pop."

The chance of popping a torch can be decreased by making sure that you always
have a "hissing" to soft flame especially when decreasing the rate of oxygen or
gas. A small, light fluttering flame is more likely to pop. Although annoying, the
popping is not likely to do any damage to the torch, it is possible for a major pop
to blow the flexible tubing off the torch's hose connections.

If a torch pops, a flame may continue to burn inside the torch, although this situ-
ation is not likely (a light whistling noise indicates that this condition exists). To
extinguish an internal flame, first turn off the gas and oxygen needle valves on the
torch. Then turn the oxygen valve forcefully open for a moment and close it. Do
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not maintain the oxygen on full with the gas valve open. The oxygen pressure
from the compressed oxygen tank is more than likely greater than city gas
pressure, and maintaining the oxygen in an open position for an extended
time can force oxygen up the gas line. This can cause a major pop with dan-
gerous potential consequences.

Finally, relight the torch and continue. Although they are not necessarily com-
mon occurrences, experience will help you avoid "pops."

Because of the propensity for the premix torch to "pop," there is a recom-
mended procedure for shutting the torch off. Even if you are capable of control-
ling the gas flow so proficiently that you never pop your torch, this procedure is
still recommended.

1. Open the oxygen needle valve (CCW) fast and, just as fast, close the
valve (CW) to increase the flow rate of the oxygen and blow the flame
out. That is, once the flame is blown out, turn the oxygen off. Do not
set up a condition where you are forcing oxygen up the gas line or
you will potentially set up a large pop.

2. Turn off the oxygen.

3. Turn off the gas.

4. Turn off the source of the gas.

5. Turn off the oxygen tank.

Note: It is better to blow the flame out, and then turn off the gases than to turn
off the gases before the flame is out to reduce the chance of the torch "popping."

The surface mix torch does not require special shut-off procedures because the
surface-mix torch cannot "pop." Therefore, it does not make a difference which
gas you turn off first. There is also no reason to blow out the flame of a surface-
mix torch—besides, you cannot.

8.2 Using the Gas-Oxygen Torch

8.2.1 Uses for the Gas-Oxygen Torch in the Lab
The most common use for the gas-oxygen torch in the laboratory is to work on
glass, and as anyone who has ever played with glass has found out, glass is not
very forgiving. There are, however, a few operations that can be mastered by a
non-glassblower, and "tipping off' (sealing off) a sample in an NMR tube is one
of them.

It is also possible for a beginner to fire-polish laboratory glassware that has
chipped or cracked edges. However, be forewarned: Any actions on broken or
damaged glassware should be done with an "it is lost anyway" attitude. When
inexperienced technicians try their hand at glassblowing, they learn fast that it's
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Sample A Sample B

A bubble and a blown-out hole caused

by the pressure of the sample being
heated by the tipping off process.

Fig. 8.4 Problems in tipping off samples.

Sample C

A sucked in hole caused by
the vacuum in the system

line when tipping off.

not as easy as it looks. But that does not mean you should not try. By accepting
that any broken glassware is lost anyway, anything that survives the repair is
bonus glassware. With time, as more experience is gained, more glassware will be
saved. One of the most important pieces of knowledge that one needs to obtain
with glass repair is the awareness of what you cannot repair.

8.2.2 How to Tip-Off a Sample
It is a common practice to seal a sample in a closed glass tube for storage or for
further study by means of EPR (eleqtron paramagnetic resonance) or NMR
(nuclear magnetic resonance). Although it is not difficult to tip off a sample, if
done poorly, the NMR tube will spin very badly. If done badly, the sample may be
destroyed along with hours, weeks, or months of work.

When you heat glass to its softening temperature, two separate forces begin to
control its behavior: surface tension (the material clings to itself, which is seen as
glass beading up) and gravity (soft glass will sag under its own weight). A bead of

A
Sample A

A good tip-off

Sample B

A poor tip-off

Fig. 8.5 Alignment is important when "tipping off."
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glass will drip when gravity on the glass is stronger than the surface tension forces
that hold it together.

There are two additional forces involved when tipping off a sample: gas pres-
sure buildup and vacuum from a vacuum system. Positive pressure is caused by
inadvertently heating a sample (causing a pressure buildup), which makes it very
difficult to seal off the sample. The possibility of a "glass aneurysm" or a rupture
of the glass wall is likely from a positive pressure buildup (see Fig. 8.4, Samples
A and B). On the other hand, if the sample is prepared on a vacuum line, and too
much heating is done on one spot for too long, the tube will burst in rather than
out (see Fig. 8.4, Sample C). Not only may this bursting destroy the sample, but
allowing air into a vacuum line can damage or destroy parts or sections of the vac-
uum system.

Whether a sample tube is attached to a vacuum line or not, the easiest way to
prevent a positive buildup of pressure is to freeze the sample with a slush bath or
liquid nitrogen (depending on the solution's freezing temperature or what cool-
ants you have available). By freezing the sample solution, you accomplish three
objectives: One, you protect the sample by protecting it from the heat of the
flame; two, the sample is not likely to evaporate and thereby cause a buildup of
pressure (and cause a pressure burst as shown in Fig. 8.4, Samples A and B); and
three, the freezing will make a cryogenic pump that facilitates the tipping off pro-
cess by creating a vacuum. The sample must remain frozen during the entire tip-
ping-off procedure, so do not remove it from the coolant until the tipping off
process is complete. A side benefit of the sample being frozen is that if there is a
poor tip-off and air gets into the sample tube, with the sample being frozen, it is
not likely to react with the air. If this occurs, keep the sample in the coolant until
you are able to transfer it to another container. If you are using liquid nitrogen,
you are likely to freeze some oxygen in the container, but it will be a liquid on top
of the frozen sample. This can be pored off into a beaker at any time, to let it evap-
orate.

Figure 8.5 shows two examples of a tipped-off tube: Sample A is what you
want, with the tipped-off section concentrically and linearly straight. Sample B is
not acceptable because the tipped-off area is bent off from center. Because of this
lopsided condition, the tube will not spin properly in an NMR machine.

Glass is a very poor conductor of heat, and therefore it is not possible to heat
one side of a tube to be tipped off and expect to be finished. The only way to prop-
erly tip-off a sample tube is to heat it uniformly in the area to be tipped—that is,
one side and then 180° to that area (see Fig. 8-6). The gradual heating is done by
alternately heating opposite sides in a frequent and uniform manner. You must try
to heat the entire area gradually and uniformly. Glass becomes soft before it
becomes juicy. If one side becomes juicy too fast, there is a greater chance for the
wall to suck in or blow out.

Whenever possible, before work begins, the sample tube should have a constric-
tion made, where the tip-off will be made. The smaller the internal diameter, the
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Heating one side
of the tube,

then the other side
of the tube.

Fig. 8-6 You must heat both sides of a tube to obtain an even tip-off.

easier the tip-off will be. Premade constrictions are shown on all the figures in this
section.

The proper sequence of steps for making a tip-off is shown in series by Fig. 8.7
and listed in the following sequence:

1. The sample, before beginning.

2. As the tube begins to collapse, the walls begin to thicken.

3. The walls have collapsed to the point of closing off the lower section.

4. While heating only the middle of the closed section, start to pull the
lower part of the tube down.

5. Continue pulling the lower section down while heating the middle of the
section.

6. The middle of the section will become thin enough to be cut by the force
of the flame.

i (

0 0
2 1 3

Fig. 8.7 Steps to a good tip-off.
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Just after tipping off

Fig. 8.8 Keep heat away from the sample.

complete.

It is possible to shorten the length of the point on the sample tube as long as you
heat well above the closed section of the tipped-off area as seen in Fig. 8.8.

It is seldom possible to hold the lower portion of a sample tube with your hand
as you tip it off. There is too much danger of burning your hand in any coolant or
when heating the sample. However, by bending a pair of tweezers as shown in
Fig. 8.9, it is easy to support any tube. Good-quality tweezers are made with hard-
ened metal, and attempting to bend tweezer tips while they are cold may cause
breakage. It may be necessary to heat the part of the tweezers that you wish to
bend in a gas-oxygen torch flame to prevent breakage. After all bending is com-
plete, reheat the entire section in the flame until it glows red and then immediately
quench in water to re-temper the metal for hardness.

There are times when you might do a tip-off of a tube that is not connected to a
vacuum system, and it may not be practical to freeze the sample within the tube.
In these situations you will not have a vacuum drawing the walls of the tubing in.
Instead there will be only the pressure expanding the heated softened glass out.
The trick is to do the tip-off as far from the sample as possible, and do it as
quickly as possible. In addition, do not try to repair the tip-off after you are fin-
ished. This operation is a one-shot deal.

Rather than holding the torch as was done when the sample tube was stationary,
here the torch should be mounted. The sample tube should be held in one hand

\

1 2 3

Fig. 8.9 Steps in bending the tips of tweezers to better support tubing.
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Pulling the end of a sample
tube off using tweezers.

Fig. 8.10 Tipping off a sample not connected to a vacuum line.

and, with a pair of tweezers in the other hand, you must grab the open end of the
sample tube. Now, alternately heat both sides of the tube end and pull off the end
to seal the tube. The important point is not to dwell the flame on the tube and heat
the solution, thereby raising the pressure inside the tube (see Fig. 8.10).

This "open-tube technique" should never be done on flammable solutions
unless the sample is frozen!

Practice tipping off sample tubes that mimic the condition and environment of a
real sample before you try with an important sample. In other words, try this pro-
cedure with the solvent that you plan to use (i.e., if water is the solvent of your
material, practice with water), attached to the same vacuum line you plan to use,
and in the state it will be in when you will be doing the tip-off (such as frozen in
liquid nitrogen). Remember to keep the flame of the torch away from the walls of
the Dewar containing the liquid nitrogen.

8.2.3 How to Fire-Polish the End of a Glass Tube

Chipped and broken ends of tubes are common sights in the average laboratory.
Because it is easy to repair this dangerous and unnecessary situation, there is no
reason not to take a torch in hand and repair the problem. However, there are a few
limitations involved:

1. If the glass is thicker than 2 to 3 mm (3/32 to !/8 in.), do not fire-polish the
glass because you are likely to cause more damage than already
exists. The heat-induced strain caused by the gas-oxygen torch is
likely to crack the glass after it cools. Some examples of glass that
should not be fire-polished are bases of graduated cylinders or rims of
funnels (see Fig. 8.11).

2. If there are crack lines radiating from a broken section (see Fig. 8.11),
fire-polishing by an inexperienced person is not advised, and should
not be done with great expectations. Under the heat of a flame, cracks
tend to spread far beyond your wildest imagination or your worst
fears.
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A simple chip on the edge of a
glass tube is simple to fire-polish.

The glass on the base of a
graduated cylinder or on the rim

of a funnel is very thick and very
difficult to fire-polish. If it is

fire-polished, it must be
oven-annealed.

When there are crack lines radiating from a broken
section of glass, it is very difficult to fire-polish and

should be attempted with no expectations.

Fig. 8.11 Problem repairs of broken glassware.

Safety Note: This manual is not meant to teach glassblowing because there are
already several excellent books for that purpose (see Appendix D).

If you have an oven that can obtain temperatures of 565 °C (1049°F) or greater
and is big enough to contain the entire piece that you have fire-polished, you
should formally anneal any piece you repair. After placing the entire piece in the
oven, bring the oven's temperature up to 565°C, hold that temperature for about
15 minutes, and turn the oven off. It is best to leave the piece in the oven until it
reaches room temperature, at least three to four hours or simply overnight.

8.2.4 Brazing and Silver Soldering
The high heat that the gas-oxygen torch can deliver allows it to be used for both
brazing and silver soldering. However, because you can vary the gas and oxygen
content of the flame, you can provide either an oxidizing or reducing environment
to your work. Because brazing and silver soldering cannot be done with oxide on
the material's surface, using an oxidizing flame will prevent a good seal.

Normally a flux is used to remove oxides from surfaces when brazing or solder-
ing, and a gas-oxide torch also requires the use of a flux. However, if the flame is
oxygen-rich, as the flux is boiled or burnt off, the excess oxygen from the torch
will oxidize the metal's surface before the solder can wet the surface. In a reduc-
ing flame, as the flux is boiled or burnt off, the reducing flame will maintain the
pure metal until the solder can flow over and wet the surface.

To make a reducing flame on a gas-oxygen torch, simply cut back the oxygen
flow until it has a soft or fluffy character. If you see a bit of yellow in the flame,
you will need to increase the oxygen a tad. There may be a desire to increase the
oxygen flow to obtain a hot 'hissy' flame to get the metal hotter so the solder will
flow. Unfortunately, this flame is the oxidizing flame that will prevent the solder
from wetting the metal and completing the brazing or soldering operation.
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Appendix A
Preparing Drawings

for a Technician

A.1 The Problems with Requests
to Glass Shops*

There are many brilliant men and women who are excellent teachers and scien-
tists, can analyze the most complex data, and can draw the most complex mole-
cules or mathematical equations. Yet, many of these same people cannot
communicate the shapes of even simple items on a piece of paper. In addition to
this complication, when an object is made of glass, new complications are cre-
ated. These new problems typically derive from the fact that working with glass is
like working with no other material on earth. Thus, the average person will try to
rationalize construction with materials they are more familiar with, such as wood
or metal. In addition, it is unlikely that this average person will have had the
opportunity to learn the parameters and limitations of glassware construction.

I am in no way trying to belittle the problems that machine, wood, or electrical
shops have with poorlymade or inadequate drawings. However, sawing, turning,

J l
Fig. A.1 Examples of requests to a glass shop.

* As a glassblower, I am most familiar with the specific problems encountered with requests to a
glass shop. Regardless, these frustrations are shared by all who request custom items for construc-
tion.
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gluing, soldering, drilling, and cutting are common terms that are understood by
most people. The terminology of glass is different: Fire-polishing, fusing, blowing
open a hole, and spinning a base are as foreign to the average person as the tools
used. Because of misunderstandings of the tools and operations used with glass,
what a person asks for is often not what they want. Over the years, I've had
requests for "drilling a hole in a tube and sticking a tube over the hole in the tube
so that material could go several ways" or "welding a flat glass plate on the end of
a tube so that it could stand up." In these two examples, what the requestors
wanted were a "T" seal and a base to a column, respectively (see Fig. A.I). If I
had done exactly what was requested, the costs could have been phenomenal.

A.2 Suggestions for Glassware Requests

Whether you have a glass shop in your facility or send your glassware requests to
an outside glass shop, you should limit your requests for what you want and not
state how to do it, because this will save you time and money. By simply stating
what is wanted, providing necessary dimensions and related construction materi-
als, and avoiding discussions on how to make the item, much time and confusion
can be avoided.

The Sketch. Prepare a reasonably accurate sketch. You do not have to be a
draftsman or an artist. However, you are not a two-year-old child with a crayon. It
is likely that the more time that the glassblower spends on trying to figure out
what your drawing is trying to represent, the more you will be charged.

The Measurements. Measurements should preferably be given in centimeters
(or millimeters). English measurements are not recommended, and tenths of
English measurements are not acceptable.

Tubing Identification. Commercially available tubing is only available in met-
ric sizes. These tubing sizes are shown in Chapter 3. American-made medium-
and heavy-wall tubing is made to English measurement dimensions, but are now
listed in metric equivalent sizes. For example, 1-in. tubing is listed as 25.4 mm.
Commercially available sizes (both metric and English) of medium and heavy
wall tubing are shown in Chapter 3.

fl
/

24/40
inner

24/40
outer

18/9
ball

18/9
socket

#12
O-ring

Fig. A.2 Examples of complete joint identification.
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V A

Correct Incorrect

Fig. A.3 Proper orientation and placement of hooks.

Demountable Joint Identification. Joints should be drawn and identified as
being either an inner (male) or outer (female) section. Size should be identified as
well (see Sec. A.2 and Sec. 3.1.1). Ball-and-socket joints should be equally identi-
fied (see Fig. A.2 and Sec. 3.1.2). Because O-ring joints do not have inner and
outer sections, only their sizes are required (see Fig. A.2 and Sec. 3.1.3).

In addition, hooks always point away from joints and cannot be attached to
joints (see Fig. A.3). The former is obvious because hooks are used to attach
springs used to keep pieces together. If hooks are pointed the wrong way, they
cannot function. The location of hooks is more subtle because problems can occur
if a hook is placed on the outside of an outer joint or too close to ground glass. By
placing a hook on or too close to the ground section, it is likely to warp the shape
of the ground section, which will cause a poorly fitting, leaky joint.

"But You Never Told Me." Leave nothing understood or assumed unless you
are willing to accept whatever is handed back to you. Therefore, leave your name
and how (and where) the glassblower may get in touch with you if additional
questions should develop. If you are working with (or for) someone else, leave a
name and how to get in touch with that person, as well as your own information.

Provide the Right Measurements. Give measurements from specified areas
that cannot vary. For example, see Fig. A.4(a), where the length of the cold trap's
internal tube is ambiguous by the A measurement because C can vary extensively.

B

(a) (b)

Fig. A.4 Where measurements are made is important.
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O.D.

Length

Item A Item B

Fig. A.5 If your piece needs to fit within something, say so.

Required fit of
AandB

On the other hand, the measurement from the ground area of the joint to the end of
the inside tube is specific. The B (or B') measurement is preferred.

Provide measurements when a change occurs, such as the seal of one size tub-
ing to another [see Fig. A.4(b)]. The length of the internal tube of the cold trap is
ambiguous with the A measurement because the location of B and C can vary
extensively. Two preferred measurements would be either B and C, or " and D.

Do Not Make Your Primary Drawing in 3-D. Most of these types of drawings
are incomprehensible or confusing, and it is difficult to place measurements on
them. An extra sketch in 3-D can sometimes be helpful.

Accuracy. Most glasswork is done within an accuracy of ±1.5 mm (l/16th of an
inch). If you require greater accuracy, say so. Similarly, if the glassware fits into
some other device, or some other device fits into the glassware, say so. For an
example, see Fig. A.5. If item A is ordered, and it is required to fit into item B, it is
important to provide the following specifications of item A to the glassblower:

1) The maximum O.D. of the (lower) tube

2)

3)

The minimum length of the (lower) tube

The maximum O.D. of the ball

Whenever possible, provide item B to the glassblower so that he or she can test
to see of the item fits before it is delivered.

Listen to Any Suggestions from the Glassblower. He or she knows what glass
can do (and how to do it) and cannot do (and how to avoid it). In addition, he or
she makes and often repairs items (perhaps similar to what you want) every day.
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Polymer Resistance

B.1 Introduction

The ability of polymers (plastics) to resist chemical attack is generally good.
Obviously, some plastics can better resist some chemical types better than others.
Unfortunately, the results obtained from testing one chemical with one polymer is
not going to provide conclusive information on the survivability of an experimen-
tal setup because other factors such as heat, pressure, and internal (or external)
stresses may play predominant parts. A polymer that normally indicates good
compatibility (with a given chemical) may fail outright. Thus, caution is advised,
and pretesting, where possible, is recommended. These problems notwithstand-
ing, knowing the compatibility of a given polymer with a given chemical can sig-
nificantly help a researcher or technician avoid early pitfalls.

The Nalge Company, manufacturer of Nalgene Labware, has performed exten-
sive testing with the majority of industrial and laboratory plastics. With permis-
sion of the Nalge Nunc International Corporation, I have included the Chemical
Resistance Chart from their catalog (see Table B.I). In addition, I have preceded
this table with a summary of their analysis on the various plastics tested. For more
information please contact:

Technical Service
Nalge Nunc International Corporation

Box 20365
Rochester, New York 14602-0365

(716)586-8800
The following are various plastic families and their respective specific plastics

that are included in the Chemical Resistance Chart. The boldfaced uppercase let-
ters correspond to the plastics in the chart. These acronyms are generally
accepted, but are not universal.

B.2 Polyolefins

The polyolefins are high-molecular-weight hydrocarbons. They include low-den-
sity, linear low-density, and high-density polyethylene, polyallomer, polypropy-
lene, and polymethylpentene. All are break-resistant, nontoxic, and
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noncontaminating. These plastics are the only ones lighter than water. They easily
withstand exposure to nearly all chemicals at room temperature for up to 24
hours. Strong oxidizing agents eventually cause embrittlement. All polyolefins
can be damaged by long exposure to UV light. The Chemical Resistance Chart
details the following polyolefin types:

Polyethylene: The polymerization of ethylene results in the essentially
branched-chain, high-molecular-weight hydrocarbon polyethylene. The polyeth-
ylenes are classified according to the relative degree of branching (side-chain for-
mation) in their molecular structures, which can be controlled with selective
catalysts.

Like other polyolefins, the polyethylenes are chemically inert. Strong oxidizing
agents will eventually cause oxidation and embrittlement. They have no known
solvent at room temperature. Aggressive solvents will cause softening or swelling,
but these effects are normally reversible.

The following are a list of commonly used polyethylenes used in the lab:
LDPE (low-density polyethylene).* These have more extensive branching,

resulting in a less compact molecular structure.
HDPE (high-density polyethylene).+ These plastics have minimal branching,

which makes them more rigid and less permeable than LDPEs.
PP/PA (polypropylene/polyallomer). These plastics are similar to polyethylene,

but each unit of their chains has a methyl group attached. They are translucent,
autoclavable, and have no known solvents at room temperature. They are slightly
more susceptible than polyethylene to strong oxidizing agents. They offer the best
stress-cracking resistance of the polyolefins. Products made of polypropylene are
brittle at ambient temperature and may crack or break if dropped from benchtop
height.

PMP (polymethylpentene, "TPX™").* These plastics are similar to polypropy-
lene, but have isobutyl groups instead of methyl groups attached to each monomer
group of their chains. Their chemical resistances are close to those of PP. They are
more easily softened by some hydrocarbons and chlorinated solvents. PMP is
slightly more susceptible than PP to attack by oxidizing agents. PMP's excellent
transparency, rigidity, and resistance to chemicals and high temperatures make it a
superior material for labware. PMP withstands repeated autoclaving, even at
150°C. It can withstand intermittent exposure to temperatures as high as 175°C.
Products made of polymethylpentene are brittle at ambient temperature and may
crack or break if dropped from benchtop height.

PVC (polyvinyl chloride). These plastics are similar to polyethylene, but each
of their units contain a chlorine atom. The chlorine atom renders PVC vulnerable
to some solvents, but also makes it more resistant in many applications. PVC has
extremely good resistance to oils (except essential oils) and very low permeability

* Formerly referred to as conventional polyethylene (CPE).
f Formerly referred to as linear polyethylene.

* Registered trademark of Mitsui & Co., Ltd.



Appendix 495

to most gases. Polyvinyl chloride is transparent and has a slight bluish tint. Nar-
row-mouth bottles made of this material are relatively thin-walled and can be
flexed slightly. When blended with phthalate ester plasticizers, PVC becomes soft
and pliable, providing the useful tubing found in every well-equipped laboratory.

PS (polystyrene). These plastics are rigid and nontoxic, with excellent dimen-
sional stability and good chemical resistance to aqueous solutions. This glass-
clear material is commonly used for disposable laboratory products. Products
made of polystyrene are brittle at ambient temperature and may crack or break if
dropped from benchtop height.

B.3 Engineering Resins

Engineering resins offer exceptional strength and durability in demanding lab
applications. For specific uses, they are superior to the polyolefins. Typical prod-
ucts are centrifuge ware, filterware, and safety shields.

The following are a list of commonly used engineering resins used in the lab:
NYL (nylon). Poly amide is a group of linear polymers with repeating amide

linkages along their backbones. These polymers are produced by an amidation of
diamines dibasic acids or by polymerization of amino acids. Nylon is strong and
tough. It resists chemicals with negligible permeation rates when used with
organic solvents. However, it has poor resistance to strong mineral acids, oxidiz-
ing agents, and certain salts.

PC (polycarbonate). These plastics are window-clear and amazingly strong and
rigid. They are autoclavable, nontoxic, and the toughest of all thermoplastics. PC
is a special type of polyester in which dihydric phenols are joined through carbon-
ate linkages. These linkages are subject to chemical reaction with bases and con-
centrated acids, are subject to hydrolytic attack at elevated temperatures (e.g.,
during autoclaving), and make PC soluble in various organic solvents. For many
applications, the transparency and unusual strength of PC offset these limitations.
Its strength and dimensional stability make it ideal for high-speed centrifuge
ware.

PSF (polysulfone). Like polycarbonate, PSF is clear, strong, nontoxic, and
extremely tough. PSF is less subject than PC to hyrolytic attack during autoclav-
ing and has a natural straw-colored cast. PSF is resistant to acids, bases, aqueous
solutions, aliphatic hydrocarbons, and alcohols. PSF is composed of phenylene
units linked by three different chemical groups: Isopropylidene, ether, and sul-
fone. Each of the three linkages imparts specific properties to the polymer, such as
chemical resistance, temperature resistance, and impact strength.
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B.4 Fluorocarbons

Teflon® FEP (fluorinated ethylene propylene)* This material is translucent and
flexible, and it feels heavy because of its high density. It resists all known chemi-
cals except molten alkali metals, elemental fluorine, and fluorine precursors at ele-
vated temperatures. It should not be used with concentrated perchloric acid. FEP
withstands temperatures from -270°C to + 205°C and may be sterilized repeatedly
by all known chemical and thermal methods. It can even be boiled in nitric acid.

Teflon® TFE (tetrafluoroethylene).* This material is opaque and white and has
the lowest coefficient of friction of any solid. It makes superior stopcock plugs
and separatory funnel plugs.

Teflon® PFA (perfluoroalkoxy).* This plastic is translucent and slightly flexible.
It has the widest temperature range of the fluoropolymers — from -270°C to
+250°C — with superior chemical resistance across the entire range. Compared to
TFE at +277°C, it has better strength, stiffness, and creep resistance. PFA also has
a low coefficient of friction, possesses outstanding antistick properties, and is
flame-resistant.

Halar® ECTFE (ethylenechlorotrifluoroethylene)} This material is an alternat-
ing copolymer of ethylene and chlorotrifluroethylene. This fluoropolymer with-
stands continuous exposure to extreme temperatures and maintains excellent
mechanical properties across this entire range (from cryogenic temperatures to
180°C). It has excellent electrical properties and chemical resistance, having no
known solvent at 121 °C. It is also nonburning and radiation-resistant. Its ease of
processing affords a wide range of products.

Tefzel® ETFE (ethylenetetrafluoroethylene).* This plastic is white, translucent,
and slightly flexible. It is a close analog of the Teflon fluorocarbons, an ethylene
tetrafluoroethylene copolymer. ETFE shares the remarkable chemical and temper-
ature resistance of Teflon TFE and FEP and has even greater mechanical strength
and impact resistance.

PVDF (Kynar® polyvinylidene fluoride)} This plastic is a fluoropolymer with
alternating CH2 and CF2 groups. PVDF is an opaque white resin. Extremely pure,
it is superior for noncontaminating applications. Mechanical strength and abra-
sion resistance are high, similar to ECTFE. It resists UV radiation. The maximum
service temperature for rotationally molded PVDF tanks is 100°C. Up to this tem-
perature, PVDF has excellent chemical resistance to weak bases and salts, strong
acids, liquid halogens, strong oxidizing agents, and aromatic, halogenated, and
aliphatic solvents. However, organic bases and short-chain ketones, esters, and
oxygenated solvents will severely attack PVDF at room temperature. Fuming
nitric acid and concentrated sulfuric acid will cause softening. At temperatures

* Registered trademark of E.I. DuPont de Nemours & Co.

Registered trademark of Allied Corporation.

* Registered trademarks of Pennwalt Corp.
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approaching the service limit, strong caustic solutions will cause partial dissolu-
tion. PVDF is autoclavable if tanks are empty and externally supported.

B.5 Chemical Resistance Chart

The following table lists a wide variety of chemicals and their effects on a variety
of polymers. In addition, several concentrations of a chemical are included if each
affects the same polymer differently. Chemicals affect polymers by one (or more)
of three different mechanisms:

1. Chemical attack on the polymer chain, with resultant reduction in
physical properties, including oxidation, reaction of functional
groups in or on the chain, and depolymerization.

2. Physical change in the polymer, including absorption of solvents
(resulting in softening and swelling of the plastic), permeation
of solvent through the plastic, and dissolution in the solvent.

3. Stress-cracking from the interaction of a "stress-cracking agent,"*
with molded-in or external stresses.

Because heat typically enhances chemical reactions, each polymer indicates the
compatibility of two temperatures: The first one shows the compatibility at room
temperature (20°C) and the second shows the compatibility at an elevated temper-
ature (50°C). Thus, "GN" indicates that at 20°C the polymer is "good" to use, but
at 50°C the polymer is "not recommended." The following codes are used in Table
B 1:

E = excellent G = good F = fair N = not recommended — = (not tested)

Table B-l Chemical Resistance Chart

Chemical

Acetaldehyde

Acetamide, sat.
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* Environmental stress-cracking is the failure of plastic materials in the presence of certain chemicals
types. This failure is not a result of chemical attack, but rather the simultaneous presence of three
factors: tensile stress, a stress-cracking agent, and inherent susceptibility of the plastic to stress-
cracking.
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Table B-l Chemical Resistance Chart (continued)

Chemical

Acetic acid, 50%

Acetic anhydride

Acetone

Acetonitrile

Acrylonitrile

Adipic acid

Alanine

AUyl alcohol

Aluminum hydroxide

Aluminum salts

Amino acids

Ammonia

Ammonium acetate, Sat.

Ammonium glycolate

Ammonium hydroxide,
5%

Ammonium hydroxide,
30%

Ammonium oxalate

Ammonium salts

n-Amyl acetate

Amyl chloride

Aniline

Aqua regia

Benzaldehyde

Benzene

Benzoic acid, sat.

Benzyl acetate

Benzyl alcohol

Bromine

Bromobenzene

Bromoform

Butadiene

Butyl chloride

n-Butyl acetate
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Table B-l Chemical Resistance Chart (continued)

Chemical

n-Butyl alcohol

j^c-Butyl alcohol

ferf-Butyl alcohol

Butyric acid

Calcium hydroxide, cone.

Calcium hypochlorite, sat.

Carbazole

Carbon disulfide

Carbon tetrachloride

Cedarwood oil

Cellosolve acetate

Chlorobenzene

Chlorine, 10% in air

Chlorine 10% (moist)

Chloroacetic acid

p-Chloroacetophenone

Chloroform

Chromic acid, 10%

Chromic acid, 50%

Cinnamon oil

Citric acid, 10%

Cresol

Cyclohexane

Cyclohexanone

Cyclopentane

DeCalin

n-Decane

Diacetone alcohol

o-Dichlorobenzene

p-Dichlorobenzene

1,2-Dichloroethane

2,4-Dichlorophenol

Diethyl benzene

Diethyl ether

Diethyl ketone
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Table B-l Chemical Resistance Chart (continued)

Chemical

Diethyl malonate

Diethylamine

Diethylene glycol

Diethylene glycol ethyl
ether

Dimethyl acetamide

Dimethyl formamide

Dimethylsulfoxide

1,4-Dioxane

Dipropylene glycol

Ether

Ethyl acetate

Ethyl alcohol (absolute)

Ethyl alcohol, 40%

Ethyl benzene

Ethyl benzoate

Ethyl butyrate

Ethyl chloride liquid

Ethyl cyanoacetate

Ethyl lactate

Ethylene chloride

Ethylene glycol

Ethylene glycol methyl
ether

Ethylene oxide

Fatty acids

Fluorides

Fluorine

Formaldehyde, 10%

Formaldehyde, 40%

Formic acid, 3%

Formic acid, 50%

Formic acid, 98-100%

Freon TF

Fuel oil
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Table B-l Chemical Resistance Chart (continued)

Chemical

Gasoline

Glacial acetic acid

Glutaraldehyde (disinfec-
tant)

Glycerine

n-Heptane

Hexane

Hydrazine

Hydrochloric acid, 1-5%

Hydrochloric acid, 20%

Hydrochloric acid, 35%

Hydrofluoric acid, 4%

Hydrofluoric acid, 48%

Hydrogen peroxide, 3%

Hydrogen peroxide, 30%

Hydrogen peroxide, 90%

Iodine crystals

Isobutyl alcohol

Isopropyl acetate

Isopropyl alcohol

Isopropyl benzene

Isopropyl ether

Jet fuel

Kerosene

Lacquer thinner

Lactic acid, 3%

Lactic acid, 85%

Mercury

2-Methoxyethanol

Methoxyethyl oleate

Methyl acetate

Methyl alcohol

Methyl ethyl ketone

Methyl isobutyl ketone

Methyl propyl ketone
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Table B-l Chemical Resistance Chart (continued)

Chemical

Methyl-/-butyl ether

Methylene chloride

Mineral oil

Mineral spirits

Nitric acid, 1-10%

Nitric acid, 50%

Nitric acid, 70%

Nitrobenzene

Nitromethane

n-Octane

Orange oil

Ozone

Perchloric acid

Perchloroethylene

Phenol, crystals

Phenol, liquid

Phosphoric acid, 1-5%

Phosphoric acid, 85%

Picric acid

Pine oil

Potassium hydroxide, 1%

Potassium hydroxide,
cone.

Propane gas

Propionic acid

Propylene glycol

Propylene oxide

Resorcinol, sat.

Resorcinol, 5%

Salicylaldehyde

Salicyclic acid, powder

Salicyclic acid, sat.

Salt solutions, metallic

Silicone oil

Silver acetate
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Table B-1 Chemical Resistance Chart (continued)

Chemical

Silver nitrate

Skydrol LD4

Sodium acetate, Sat.

Sodium hydroxide, 1 %

Sodium hydroxide, 50%
to Sat.

Sodium hypochlorite, 15%

Stearic acid, crystals

Sulfuric acid, 1-6%

Sulfuric acid, 20%

Sulfuric acid, 60%

Sulfuric acid, 98%

Sulfur dioxide, liq., 46 psig

Sulfur dioxide, wet or dry

Sulfur salts

Tartaric acid

Tetrahydrofuran

Thionyl chloride

Toluene

Tributyl citrate

Trichloroacetic acid

1,2,4-Trichlorobenzene

Trichloroethane

Trichloroethylene

Triethylene glycol

2,2,4-Trimethylpentane

Tripropylene glycol

Tris buffer, solution

Turpentine

Undecyl alcohol

Urea

Vinylidene chloride

Xylene

Zinc stearate
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Appendix C
Manufacturers

This appendix lists of some of the major U.S. manufacturers of the materials,
components, equipment, and/or support described in this book. The list is orga-
nized by chapter.

Most laboratories order materials through laboratory supply houses. This stan-
dard approach has developed because it is easy and efficient. It is also much easier
to look through one or two catalogs than a room that is full of catalogs. However,
there may be occasions when you need either (a) specific information that a sup-
ply house cannot provide or (b) materials that a supply house does not carry.

Any product or manufacturer mentioned here is not necessarily an endorsement
of that product or manufacturer. Similarly, the lack of any mention of a product or
manufacturer is not meant to withhold an endorsement. Often, the specific materi-
als mentioned in this book were selected by my familiarity with them in my aca-
demic environment. Thus, materials peculiar to medical, industrial, and
manufacturing environments may have been overlooked.- Fortunately, because
many specific laboratory equipment pieces have a variety of applications, a piece
of equipment used in a chemistry laboratory may also be used (for example) in a
geology laboratory.

If you prefer to purchase from a laboratory supply house, the following are the
most common supply houses in the United States. The listing shown below gives
information for each supplier's main office. Because all of these suppliers have
offices all across the United States and Canada, simply call the main office for the
local office near you.

Aldrich
1001 West Saint Paul Ave.
Milwaukee, WI 53233
(800) 558-9160
(414) 273-3850
http://genome.eerie.fr/bioscience/
company/aldrich.html

Thomas Scientific
99 High Hill Rd.
P.O. Box 99
Swedesboro, NJ 08085-0099
1-800-345-2100
http://www/thomassci.com

Fisher Scientific Headquarters
711 Forbes Ave.
Pittsburgh, PA 15219-4785
(412) 562-8300
(800) 766-7000
http://www.fisherl .com/

VWR
(800) 932-5000
http://www.vwrsp.com

504
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This list contains companies that specifically manufacture glass tubing and rod.
Some of these companies specialize in speciality glasses (such as quartz glass),
whereas others manufacture a variety of glass types. There are a number of com-
panies that sell glass tubing as well, but they were not listed here because the tub-
ing they sell was probably made by one of the following companies.

Corning Glass Works
Science Products
Corning, N.Y. 14831
1-800-222-7740
(For all glass types)

Friedrich & Dimmock
Friedrich & Dimmock Inc.
P.O. Box 230
Millville, NJ 08332
(609) 825-0305
(800)524-1131
(Unique glass profiles, borosilicate, and
soft glass)

Heraeus Amersil
650 Jernees Mill Rd.
Sayreville, NJ 08872
(201) 254-2500
(For quartz glass)

Wheaton
1501 N. Tenth Street
Millville, NJ 08332
1-800-225-1437
(For borosilicate and soft glass)

Kimble Industrial Sales Office
537 Crystal Avenue
Vineland, NJ 08360-3257
1-800-331-2706
http://www.kimble-kontes.com/
(For all glass types)

GE Quartz Products
21800 Tungsten Rd.
Cleveland, OH 44117
(216) 266-2451
(For quartz glass and a few electrical spe-
cialty glasses)

Schott America
3 Odell Plaza
Yonkers, NY 10701
(914)968-8900
(For borosilicate, quartz glass, and a few
specialty glasses)

The companies listed below specialize in the products described in Sees. 1.2
through 1.4 of Chapter 1 (flexible tubing, corks, rubber stoppers and enclosures,
and O-rings).

bel-art Products
Pequannock, NJ 07440-1992
(201) 694-0500
http://www.isa.org/directory/manufact/
man_175350.html
(for all types of plastic ware)

East Bay Rubber
500 Wood St.
Bristol RI02809
(401) 253-0404
(for all types of rubber stoppers and other
flexible materials)
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The Gates Rubber Co.
999 South Broadway
P.O. Box 5887
Denver, CO 80217
(303)744-5151
http://www.gates.com/gates/
(for flexible tubing)

Kent Latex Products, Inc.
1500 St. ClairAve.
P.O. Box 668
Kent, Ohio 44240-0668
Telephone: (216) 673-1011
(for flexible tubing)

Norton Performance Plastics Corp.
P.O. Box 3360
Akron, OH 44309
(330) 798-9240
http://tygon.com/
(for flexible tubing)

Parco
2150ParcoAve.
Ontario, CA 91761
(909) 947-2200
(for O-rings)

Hygenic Corporation
1245 Home Avenue
Akron, Oh. 44310
(216) 633-8460 (in OH)
1-800-321-2135 (outside OH)
(for flexible tubing)

Nalge Nunc International Corporation
Box 20365
Rochester, New York 14602-0365
(800) 625-4327
(for flexible tubing)

Primeline Industries, Inc.
4083 Embassy Pkwy.
Akron OH 44333
(330) 668-6550
(for flexible tubing)

C.2 Chapter 2*

The companies and organizations listed below can help you with your lab's mea-
surement needs.

NIST
National Institute of Standards and Tech-
nology
U.S. Department of Commerce
Publications and Programs Inquiries
Room E128, Administration Building
Gaithersburg, MD 20899
(301) 975-3058
http://www.nist.gov/

ASTM
American Society for Testing
and Materials
100 Barr Harbor Dr.
West Conshocken, PA 19428-2959
(610) 832-9585
http://www.astm.org/

* Most of the glassware companies listed in Chapter 3 sell, or can provide standard or custom volu-
metric ware as described in Chapter 2.
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McMaster-Carr
P.O. Box 54960
Los Angeles, CA 90054
(310)692-5911
http://www.mcmaster.com/

Mettler Toledo
P.O. Box 71
Hightstown, NJ 08520-9944
1(800) METTLER
http://www.mt.com/

Ohaus Corporation
10 Peopody St.
Bradford, MA 01835-7614
1-800-526-0659
http://www.balances.com

Omega Engineering, Inc.
Post Office Box 4047
Stamford, Ct. 06906
(800) 826-6342
http://www2.omega.com/

Capitol Tool & Supply
14615 Carmenita Road
Norwalk, CA 90650
1-800-421-2541

Sartorius Instruments
1430 Waukegan Road
McGaw Park, IL 60085
1-800-645-3108
http://www.servitel.es/need/

Cahn Instruments
5225 Verona Rd. Bldg. 1
Madison WI 53711
(800)244-6305
http://www.cahn.com/

Extech Instruments
335 Bear Hill Rd.
Waltham, MA 02154
(617) 890-7440
http://www.extech.com/index.htm

C.3 Chapter 3

The following companies manufacture stopcocks, joints, and custom glass
items. Coming tubing and rod can be obtained from Coming Glass Works, Kim-
ble tubing and rod can be obtained from Kimble Industrial Sales Office, and
Schott tubing and rod can be obtained both from the Glass Warehouse and Witeg
Scientific.

Ace Glass Inc.
P. O. Box 688
1430 Northwest Boulevard
Vineland, NJ 08369
(800) 223-4524
http://www.aceglass.com/

Chemglass, Inc.
3861 North Mill Road
Vineland, NJ 08360
(609) 696-0014 (in NJ)
1-800-843-1794 (outside NJ)

Andrews Glass Co.
Division of Fischer Porter Co.
410 S. Fourth St.
Vineland, NJ 08360
(609) 692-4435

Coming Glass Works
Science Products
Corning, NY 14831
(607) 974-4001 (N.Y. and Canada)
1-800-222-7740



508 Manufacturers

Glass Warehouse
800 Orange Street
P. O. Box 1039
Millville, NJ 08332
(609) 327-5228
(800) 833-0410

Kimble Industrial Sales Office
537 Crystal Avenue
Vineland, NJ 08360-3257
(609) 692-0824 (in NJ)
1-800-331-2706 (outside NJ)

Lab Glass
P.O. Box 610
1172 Northwest Boulevard
Vineland, N.J 08360
(609) 691-3200
(800) 220-5171

Wheaton
1501 N. Tenth Street
Millville, NJ 08332
1-800-225-1437

GM Associates
9803 Kitty Lane
Oakland, CA94603
(415)430-0806

Kontes
Spruce Street
P. O. Box 729
Vineland, NJ 08360
609) 692-8500 (in NJ)
(800)-223-7150 (outside NJ)

Pegasus
P.O. Box 319, Agincourt
Ontario Canada MIS 3B9
(416) 298-3141

Witeg Scientific
14235 Commerce Drive
Garden Grove, CA 92643
(714) 265-1855

C.4 Chapter 4

Arden Corporation
26899 Northwestern Hwy, Suite 201
Southfield MI, 48034
(810)355-1101
(for Teflon safe scrubbers)

DuPont
DuPont Chemicals
Wilmington, Delaware 19898
(302) 774-2099 (in Wilmington DE)
1-800-441-9442
http ://w w w. dupont. com/

AVO International
510 Township Lane Road
Blue Bell, PA 19422
(215) 646-9200
(800) 723-2861
(for Apiezon greases and oils)

Spartan Chemical Co., Inc.
HON. Westwood Ave.
Toledo, OH 43607
(419)531-5551
(for industrial cleaners)
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Because companies that supply compressed gasses also commonly supply cryo-
genic materials, I've combined these two chapters' sources.

Air Products and Chemicals
7201 Hamilton Blvd.
Allentown PA 18195-9979
(800) 224-2724

MVE
2 Appletree Sq.
8011 34th Ave. South #100
Bloomington MN 55425
1-800-241-7452

Compressed Gas Association, Inc.
1725 Jefferson Davis Highway, Suite 1004
Arlington, VA 22202-4102
(703) 412-0900

Matheson Gas Products
932 Paterson Plank Road
P.O. Box 85
East Rutherford, NJ 07073
(201) 933-2400

C.6 Chapter 7

There are many companies that make equipment for vacuum systems, and most
of them can provide a full range of materials from pumps to oils, and from gauges
to leak detection equipment. Most of these vacuum systems and components are
for metal systems. For glass components, such as vacuum stopcocks, joints, and
even glass diffusion pumps, see the suppliers listed for Chapter 3.

CTI-Cryogenics
Helix Technology Corporation
266 Second Ave.
Waltham, MA 02254-9171
1-800-622-5400

Granville-Phillips
5675 E. Arapahoe
Boulder, CO 80303-1398
(303) 443-7660
1-800-776-6543
http://www.granville.com/

Kurt J. Lesker Company
1515 Worthington Avenue
Clairton, PA 15025
1-800- 245-1656
http://www.lesker.com/

Edwards High Vacuum, Inc.
301 Ballardvale St.
Wilmington MA 01887
1-800- 848-9800
http://www.edwards.boc.com/

High Vacuum Apparatus Mfg. Inc.
1763 Sabre St.
Hayward, CA 94545
(510) 785-2744

Larson Electronic Glass
2840 Bay Road
P.O. Box 371
Redwood City, CA 94064
(415) 369-6734
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Ley bold Vacuum Products Inc.
5700 Mellon Road
Export, PA 15632
(412) 327-5700
http://www.leybold.com

MDC Vacuum Products Corporation
23842 Cabot Boulevard
Hayward, Ca. 94545-1651
(510) 265-3500 (CA)
1-800-443-8817

Televac
P.O. Box 67
Huntingdon Valley, PA 19006
(215) 938-4444

Varian
Vacuum Products Division
121HartwellAve.
Lexington, MA 02173
(617) 861-7200
1-800- 882-7426
http://www.varian.com/inst/vacuum/vac-
uum.htm

McMaster-Carr Supply Company
P.O. Box 54960
Los Angeles, CA 90054
213)692-5911

Physical Electronics, Inc.
6509 Flying Cloud Dr.
Eden Prairie, MN 55344
(612) 828-6157 (in MN)
1-800- 237-3603 (outside MN)

Thermionics Laboratory, Inc.
22815 Sutro St.
Hayward, CA 94541
(510) 538-3304
http://www.thermionics.com/

Willson Scientific Glass, Inc.
528 E. Fig Street
Monrovia, CA 91016
(818)303-1656

C.7 Chapter 8

Bethlehem Apparatus Company, Inc.
Front & Depot Streets
Hellertown, PA 18055
(215) 838-7034

Litton Engineering
P.O.Box 950
Grass Valley, CA 95945
(916) 273-6176
(800)821-8866
http://www.littontech.com/littonpage.html

Wale Apparatus Company
400 Front Street
P.O. Box D
Hellertown, PA 18055
Telephone: (215) 838-7047
(800) 444-9253

Heathway
4030 C Skyron Dr.
DoylestownPA 18901
(215) 348-2881
(800)443-5128

M-Tech Industries
P.O. Box 1358
Cedar Ridge CA 95924-1358
(916) 269-2137
http://www.littontech.com/mtech.html

Wilt Glass Shop Equipment
Route 8
Lake Pleasant, NY 12108
(518) 548-4961
1-800-23 2-WILT (9458)
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Appendix D
Recommended Reading

Because this book tries to fill so many shoes, it cannot do justice to all subjects.
Because of this limitation, some readers may wish to examine other, more special-
ized books to provide more depth in a given subject. A number of the books listed
in this appendix can be found in the citations of their respective chapters. How-
ever, not all of the texts listed in this appendix gave me citable material. This
appendix therefore provides me with the opportunity of directing your attention to
other fine sources of information. Regrettably, not all of these books are still in
print and must be searched for in libraries.

D.1 Laboratory Safety

Although I have tried to provide proper safety information throughout this book,
safety is one area that cannot be covered thoroughly enough. The American
Chemical Society recognizes this problem and has assembled a wonderful booklet
on safety. Stricoff and Walters also have an excellent book.

SAFETY in Academic Chemistry Laborato-
ries, ©I990 by the American Chemical
Society, Washington, D.C.

Laboratory health and Safety Handbook
by R.S. Stricoff and D.B. Walters
Wiley-Interscience Publication, New
York, NY, 1990

This excellent booklet on safety is available
from the American Chemical Society. To
obtain a copy, call 1-800- 227-5558 and ask
Sales and Distribution for further information.

Detailed book that covers all aspects of labo-
ratory safety from design to use.

D.2 Chemical Safety

Another aspect of safety is the handling and disposal of toxic, poisonous, hazard-
ous, and dangerous materials. However, the number of chemicals used in the labo-
ratory are so vast that any attempt of my selecting chemicals or abbreviating
information could create a potential hazard. Three excellent books on this subject
are:
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information could create a potential hazard. Three excellent books on this subject
are:

A Comprehensive Guide to the Hazardous
Properties of Chemical Substances
by P. Patnaik
Van Nostrand Reinhold Co., Inc., New
York, N.Y.,© 1992.

Prudent Practices for Handling Hazardous
Chemicals in the Laboratory
by the Committee on Hazardous Sub-
stances in the Laboratory
National Academy Press, Washington
D.C., © 1983.

Dangerous Properties of Industrial Materials,
6th ed., by N. Irving Sax
Van Nostrand Reinhold Co., Inc., New
York, © 1984.

Safe Storage of Laboratory Chemicals
edited by David A. Pipitone
John Wiley & Sons, New York, © 1984.

D.3 Chapter 1

Glass Engineering Handbook, 3rd ed.,
by G.W. McLellan and E.B. Shand,
McGraw-Hill Book Co., Inc. New York,
©1984.

Handbook of Materials and Techniques for
Vacuum Devices
by W.H. Kohl, © 1967 by Van Nostrand
Reinhold, reprinted by the American Insti-
tute of Physics, 1995.

The Physical Properties of Glass
D.C. Holloway, Wykeham Publications,
London G.B., L D ©1973..

The Physical Properties of Glass Surfaces by
L. Holland, John Wiley & Sons, Inc., New
York, © 1964.

For many years this has been a definitive
source for glass information.

This book has excellent information on glass,
ceramics, metals, and many other materi-
als, as well as information on how they
relate to vacuum environments.

Although good on many levels, this book has
an excellent treatment of glass fracture.

A very intensive examination of all aspects of
glass surfaces, from damage to cleaning to
chemistry.

D.4 Chapter 2

Volumetric Glassware,
by V. Stott, Northumberland Press Ltd.,
Newcastle-on Tyne, G.B., © 1928, H. F. &
G. Witherby, London.

Although somewhat dated, this text contains
very interesting information on volumetric
ware.



Appendix 513

Mettler, Dictionary of Weighing Terms
by Dr. L. Bietry, Printed in Switzerland
© 1983, Mettler Instruments AG.

Scales and Weights, a Historical Outline
by Bruno Kisch, Yale University Press,
New Haven and London, ©1965.

A History of the Thermometer and Its Use in
Meteorology, by W.E. Knowles Middleton,
The John Hopkins Press, Baltimore, Mary-
land, ©1966.

Liquid-in-Glass Thermometry
by J. A. Wise, U.S. Government Printing
Office, Washington, D.C., ©1976.

Excellent general reference of weighing
terms. This book is available free from
Mettler Instruments Corp. (P.O. Box 71,
Hightstown, NJ 08520-9944)

Good historical background on the develop-
ment of weights and weighing.

Good historical background on the develop-
ment of temperature reading.

An excellent NBS (now NIST) publication on
the use of liquid-in-glass thermometers.

D.5 Chapter 3

For information on glass, see the suggested books on glass in Chapter 1.
For information on stopcocks, joints, and glass tubing, see the suggested books

in Section D.9.

D.6 Chapter 4

There are no books on cleaning glass. There is an excellent chapter on glass
cleaning in The Physical Properties of Glass Surfaces by L. Holland (see further
information in the Chapter 1 listing). Regardless, the needs for safety from the
various chemicals often used in cleaning is paramount. Therefore, see the recom-
mended books in the section titled "Chemical Safety."

For additional information, you may wish to see "Standard Practice for Design-
ing a Process for Cleaning Technical Glasses," an ASTM Publication, Designation
C912-79 (reapproved 1984).

For some basic ideas on waste management, see Journal of Chemical Educa-
tion, 65, pp. A64-A68 (1988). Although not comprehensive, this journal provides
a good general description on the topic. However, because many localities have
specific requirements on toxic substance control, always check with local authori-
ties.
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D.7 Chapter 5 and the Second Half of Chapter 6

Handbook of Compressed Gases, 2nd ed., by
The Compressed Gas Association, Inc.,
Van Nostrand Reinhold Publishing Co.,
New York, ©1981.

This book extensively documents the various
containment and handling techniques
involved with compressed gases, their con-
tainers, and connections.

In addition to the above book, the Matheson (Gas Products) Company has some
excellent information about compressed gases, compressed gas containers, and
regulators in their catalog.

Matheson Gas Products
932 Paterson Plank Rd.
P.O. Box 85
East Rutherford, NJ 07073
(201) 933-2400

D.8 Chapter 7

The Design of High Vacuum Systems and the
Application ofKinney High
Vacuum Pumps, CM. Van Atta,
Kinney Manufacturing Division, New
York, © 1955.

Vacuum Science and Engineering,
CM. Van Atta,
McGraw-Hill Book Company
© 1965 by McGraw-Hill, Inc.

Vacuum Technology, A. Guthrie
John Wiley & Sons, Wiley-Interscience,
New York, ©1963.

A User's Guide to Vacuum Technology
J.F. O'Hanlon
John Wiley & Sons, Wiley-Interscience,
New York, © 1980.

A good practical reference booklet on pumps.

Like his other book The Design of High Vac-
uum Systems and the Application ofKinney
High Vacuum Pumps, this book is full of
clear information.

An older book, but excellent for the funda-
mentals of vacuum technology.

One of the top books on vacuum technology.
Unfortunately, it is limited to metal sys-
tems.
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Introduction to Helium Mass Spectrometer
Leak Detection, Varian Associates, Inc.,
published by Varian Associates, Inc., Palo
Alto, CA © 1980.

Materials for High Vacuum Technology, Vol.
3, W. Espe, Pergamon Press, New York,
© 1968.

The Manipulation of Air-Sensitive Com-
pounds, 2nd ed., D.F. Shriver and M.A.
Drezdzon, John Wiley & Sons, Wiley-
Interscience, New York, © 1986.

Modern Vacuum Practice, N. Harris, ©1989
McGraw-Hill International, McGraw-Hill
Book Co. Europe, Berkshire, England.

Total Pressure Measurements in Vacuum Tech-
nology, A. Berman, Academic Press, Inc.
(Harcourt Brace Jovanovich, Publishers),
Orlando FL, © 1985.

Methods of Experimental Physics: Volume 14:
Vacuum Physics and Technology, edited by
G. L. Weissler and R.W. Carlson, Aca-
demic Press, (Harcourt Brace Jovanovich,
Publishers) Orlando, FL, © 1979.

Although understandingly biased toward
Varian products, there is excellent informa-
tion on the art and science of leak detection
in this text.

Somewhat dated, but has excellent informa-
tion on vacuum science.

Not purely a vacuum book, but working in an
oxygen-free environment is one of the
objectives for using a vacuum. This book is
the leading book in its field.

Harris works for Edward High Vacuum and
has specialized with vacuum pumps. This
books excellently covers all details of vac-
uum technology, but really shines on the
discussion of all types of pumps.

Extremely up-to-date and intensive study on
all aspects of pressure measurement.

This particular volume of this excellent series
deals with vacuum technology. Each chap-
ter is written by an expert, resulting in an
excellent, total book.

The following monographs were published by, and are available from, The
American Vacuum Society. They were all written by experts in their respective
fields and are excellent resource materials. For further information and prices,
please contact the American Vacuum Society, 335 E. 45th St., New York, NY
10017.

Dictionary of Terms for the Areas of Science
and Technology Served by the American
Vacuum Society, 2nd ed., edited by H.G.
Tompkins, © 1980 by the American Vac-
uum Society.

An Introduction to the Fundamentals of Vac-
uum Technology, H.G. Tompkins, © 1984
by the American Vacuum Society.

An Elementary Introduction to Vacuum Tech-
nique, G. Lewin, © 1984 by the American
Vacuum Society.

Vacuum Hazards Manual, 2nd ed., L.C. Bea-
vis, V.J. Harwood, and M.T. Thomas,
Coordinated by M.T. Thomas, © 1979 by
the American Vacuum Society.

Diffusion Pumps, Performance and Opera-
tion, M.H. Hablanian, © 1984 the Ameri-
can Vacuum Society.

Handbook of Vacuum Leak Detection,
N.G. Wilson and L.C. Beavis,
American Institute of Physics, New York,
© 1976, 1979.
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Partial Pressure Analyzers and Analysis, M.J.
Drinkwine and D. Lichtman, © 1984 by
the American Vacuum Society.

History of Vacuum Science and Technology, a
Special Volume Commemorating the 30th
Anniversary of the American Vacuum
Society, 1953-1983, edited by T.E. Madey
and W.C. Brown, © 1983.

D.9 Chapter 8

Scientific Glassblowing
E. Wheeler, Interscience Publishers, Inc.,
New York, ©1958.

Scientific and Industrial Glassblowing and
Laboratory Design
Barr and Anthorn, Instruments Publ. Co.,
Pittsburgh, PA, © 1959.

Glassblowing, an Introduction to Artistic and
Scientific Flameworking, 2nd ed.,
Edward Carberry, MGLS Publishing, Mar-
shall, MN, © 1989.

Glassblowing, and Introduction to Solid and
Blown Glass Sculpturing,
Homer L. Hoyt, Crafts and Arts Publishing
Co., Golden, CO, © 1989.

This and the following book are considered
the two best books on scientific glassblow-
ing. (Out of print)

This and the previous book are considered the
two best books on scientific glassblowing.
(Out of print)

This book has excellent basic information on
glassblowing and setting up glassblowing
facilities. The majority of the book is on
artistic glassware with some information
on scientific glassblowing.

This book has excellent basic information on
glassblowing and setting up glassblowing
facilities. Although this book has no infor-
mation on scientific glassblowing, it has
some of the best illustrations on what to
look for when heating glass.



Index

Absorption 333, 459
Acetone 95
Acetylene 272
Adsorption 333, 432

water 376
water in glass 22

Aluminosilicate glass, see Glass, alu-
minosilicate

American Chemical Society 511
American Society for Testing and Ma-

terials, see ASTM
American Vacuum Society 515
Annealing (glass) 4, 6
Aristotle 325
Aspirator 341-343
ASTM 85, 177
Avogadro's Law, see Gas law

B
Back diffusion 377,432
Back migration 378, 432
Back streaming 377
Backflow 368, 387, 432, 433
Backstreaming, see also Leak detec-

tion 441
Baeyer, von 327
Baffles 386
Balances 118-144

accuracy 123
air buoyancy 120-122
analytical 132-136
beam 131
buoyancy 120
calibration 139-144
density 119
inertia 119
lever Arm 128-131
linearity 123

location 123
mass 119
null-type 131
off-center errors 123
precision 122
readability 122
reading 125-127
Roberval principle 130
scale intervals 118
spring 127-128
top-loading 136-137
true mass 122
verification 137-139
weight 119

Barbs 480
Base bath, see also Cleaning, base bath

240
Bayard-Alpert (gauge) 327
Boyle, Robert 327
Boyle's Law, see Gas laws
Brazing 488
Buckley 327
Buna-N 460
Bunsen burner 477
Burettes 113-118

automatic 116
Class A 113
cleaning 118
dispensing 116
Geissler 115
Mohrl l5
student grade 113
Teflon stopcocks 117

Cajon® Ultra-Torr 405
Calibrated weights 119, 139
Caliper 80

dial 82

517
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electronic 83
Canadian Chemical Producer's Asso-

ciation 273
Canadian Transport Commission 255
Centigrade 147
CGA Fittings 256
Charles' Law, see Gas laws
ChemCapl91
Chemisorption 432
Chromic acid 244

alternatives 245
Clamp supports 470
Cleaning

acids and oxidizers 242-244
albuminous materials 250
bacteriological material 250
base baths 92, 240-242
carbonaceous materials 250
chromic acid 244-245
cuvetts 233
fritted filters 248
glass strippers 232
hydrofluoric acid 245-247
iron stains 249
last resort cleaning solutions 250-

251
magnesium oxide stains 250
mercury residue 249
mineral deposits 232
NMR tubes 233
organic solvents 239-240
permanganate stains 250
polar and nonpolar solvents 234
rinsing 232
safety 234
soap and water 236-238
tar from distillation flasks 249
tungsten from glassware 248
ultrasonic 238

Cleaning, see also Hydrofluoric acid
92

Coaxial traps
see Traps, coaxial

Cold traps

see Traps, cold
Compressed gas

cap removal 257
emergency 272
finding leaks 283
safety 254-256
tanks 253-278

color coding 268
marking 272
safety 269-272
storage 271

Compressed Gas Association (CGA)
256

Compression ratio (re. mechanical
pumps) 432

Condensable gases
see Condensable vapors

Condensable vapors 340, 352, 353,
354, 355, 384, 386, 416, 427,
464

Conductance (gas flow) 338
Conduction 287
Convection 287
Cooling 301-318

containment 309-313
beakers and flasks 313
dewars 310
foam insulated containers 312

dry ice 303
ice 302
ice with salts 302
liquid nitrogen 303
slush baths 304-309
tap water 302

Corks 49
Crawford 327
Crookes, Sir William 327
Cryogenic gas tanks 313-318

gas dispensing tank 316
liquid dispensing tank 313

D
Dalton's Law, see Gas law
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Degassing 431
Density, see Balances, density
Department of Transportation 255
Desorption431
Detector-probe technique, see Helium

leak detection
Dewar, Sir James 327
Dewars 310
Diffusion 431
Diffusion pumps 365-384

arrangement on vacuum lines 370-
372

cleaning
fluorinated oil 383
glass 381
mercury 384
metal pump 381

diagnosis and correction 375
draining 381
glass versus metal 367
limitations 377
maintenance 380-384
oils 378-379, 381, 382
pumping speed 366
safety 377
swamped 441
use 372
Wheeler design 370

Disposable glass (student glassware)
11

Drying ovens 299
Duran 13
Durometer (on flexible tubing) 43

E
Engineering resins 495

nylon 495
polycarbonate 495
polysulfone 495

EPR 483
Evaporation 431
Exax 12, 92

Faraday, Michael 327
Film enclosures 58
Filters 386
Fire-polish (glass) 56, 477, 482, 487
Fisher burner 477
Flanges, glass to metal 367
Flask stoppers (stopper plug) 178
Flexible tubing 4 1 ^ 8

dimensions 42
pressure 44

Fluorocarbons 496
ethylenechlorotrifluoroethylene

496
ethylenetetrafluoroethylene 496
perfluoroalkoxy 496
polyvinylidene fluoride 496
tetrafluoroethylene 496

Flux 488
Fore pumps, see also Mechanical

pumps, fore pumps 346

G
Gaede 327
Gas

compatibility 273
cryogenic 253
definition 253
dissolved 253
solidified 253
volume in tank

by regulator 279
by tarring 254

Gas ballast
see Mechanical pumps, gas ballast

Gas discharge tube 449
Gas flow 335-338

effects of tube diameter versus
length on pumping speed
338

molecular 336
turbulent 335
viscous 335
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Gas laws 329, 329-331
Exceptions to Ideal gas law 331

Gases versus vapors 329
Gasket materials

aluminum 468
conflat 468
copper (OFHC) 468
gold 468
indium wire 468

Gas-oxygen torches 477
Glass 1-41

aluminosilicate 14,431
annealing point 4
apparatus (accuracy) 492
apparatus drawing 489-492
borosilicate glass 5, 13
breakage (preventing) 22-25
devitrification 7, 10

silica 8
8-cristobalite 8

faults (in glass) 40
faults (manufacturer) 40
fused quartz 2
fused silica 2, 15
graded seals 18
grading glass 18
hard glass 9, 13-15
heat-strengthening 31
high temperature and UV-trans-

mission 9, 15-18
joints 491
lead glass 5

flint 12
marking (on) glass 38
melting point 3
phase separation 6
properties of 1
quartz

four types 16
quartz crystal 2
quartz glass 2, 5, 15
recycling 10
refractive index 12
separating (types of glass) 19

checking the sodium content
of the glass 21

linear expansion 22
logical deduction and observa-

tion 19
matching the index of refrac-

tion 21
sighting down the end of a

glass tube or rod 20
SiO22
soda-lime 10, 477

crown 12
sodium silicate 11
soft glass 9,10-13
softening point 4
storage 37
strain point 4
strength of 22
structural properties 1
surface check 24
techniques for heating 30
tempered

ion exchange 32
laminated 33
rapid cooling 31

tubing 490
Vycor 6, 16
waterglass 11
working point 4

Glass strippers 232
Glass tubing 56, 212-228

basics 212
inside diameter 213
volume calculations 215

Glass vacuum system, see Vacuum
system, design (glass)

Glassblowing 372,488
see also Chapter 8

Glassware
anneal 488
cleaning 231-251

Glyptol 466
Graded seal 367
Graduated cylinder 87
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Graduated cylinders 104-107
EX 88
IN 88
pharmaceutical 105
Style 1 105
Style 2 105
Style 3 105
TC87
TD87
Tolerances 106

Ground joints (standard taper) 173
Ground joints, see Joints
Guericke, Otto von 326

H
Halar 496
Halocarbons 239

methylene chloride 239
perchloroethylene 239
trichloroethylene 239
trichlorotrifluoroethane 239

Heating 287-301
advantages of open flames 289
drawbacks to open flame 289
electrical resistance heaters 296-

300
hot air guns 295
microwave 294-295
safety precautions 288
safety with open flames 290-292
six ways in laboratory 287
steam 292-294
thermal radiation 294

Helium 261, 262, 275
Helium leak detection

calibration 466
clean-up time 464
complications 461
detector-probe technique 456,457,

463
inside-out technique 456, 458
maintenance 465
outside-in technique 456,458

response time 464
techniques 457-459
tracer-probe technique 456,463

spraying pattern 463
Hose connection 480
Hydrochloric acid 242
Hydrofluoric acid 245
Hydrogen 261, 262, 276

Ideal Gas Law, see Gas law
Implosion 469
Inside-out technique, see Helium leak

detection
Ionization gauge

as getter pump 423
cold-cathode ion gauge 429

cleaning 430
hot and cold ion gauge 423
hot-cathode ion gauge 424

cleaning 428
filaments 426
suggested rules 426

safety 424
ISO 402
ISO (International Standards Organi-

zation) 85
ISO 9000 71

J
Joints

ball-and-socket 178
Cajon Ultra-Torr 182
Clear-Seal 176
European sizes 177
glass-threaded connections 183
inner 174
mercury seal 176
O-ring ball joint 180
O-ring joint 179
outer 174
preparations for use 196
Solv-Seal 181
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storage and use 192, 194-196
Swagelok 181

K
Kelvin 147
Kevlar471
Kimax 13
Kovar 19, 367
Krytox 200

L
Langmuir 327
Lead crystal 2, 11
Leak detection 431^467

determination of a leak 433
false leaks 433^35
helium leak detection, see also He-

lium leak detection 454-
466

isolation 442-444
Pirani or thermocouple gauges 452
probe gases and liquids 444
real leaks 435-442
repairing leaks 466
seven sources 431—432
soap bubbles 451
Tesla coil 446-451

limitations 447
using probe gases 450

virtual leaks 396, 436, 438,442,
467

Left-handed thread fittings 256
Length 71

krypton-86 72
meter 71
ruler 79

Liquid nitrogen 394, 484

M
Magdeburg hemispheres 326
Manometer 401, 407

reading 407

Mass 72
kilogram 72
Prototype Kilogram 73

Mass, see Balances, mass
McLeod gauge 325, 401, 409

advantages and disadvantages 409
cleaning 417
condensable vapors 416
reading 411-413
tipping 414
use 413

Mean free path 335
Measurement 65

accuracy 66
reliability 66
significant figures 77
uniformity 65

Measurement rules 76
Measuring (pipettes) 107
Mechanical pumps 343-354

backstreaming 390
belt-driven 346
belts and pulleys 354
changing oil 352
condensable vapors, see Condens-

able vapors
condensate trap 350
connection 349
direct-drive 346, 360
double-stage, see Mechanical

pumps, two-stage
double-vane, see Mechanical

pumps, two-stage
dry 347
dry nitrogen purge 356
efficiency and speeds 363
exhaust 350, 387
filter traps 350
fore pumps 371
gas ballast 345, 350, 356
maintenance 351
motor types 347
oils 358-362

chlorofluorocarbon oils 362
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perfluorinated polyether oils
362

phosphate ester oils 361
properties 358

piston pump 343
pump size 347
roughing pumps 371
scroll pump 347
single-stage 344, 346
single-vane 343
storage 362
traps

avoiding danger 357
traps, see also Traps
two-stage 344, 346, 371
use 350

Meter stick 79
Metric System

Base units 68
Derived units 68
International Bureau of Weights

and Measures 68
international commerce 68
King Louis XVI 67
MKSA 68
Supplementary base units 68

Metric system (history) 66
Micrometer 80, 83-84
Micron (unit of vacuum measurement)

328
Millimeters of mercury (unit of vacu-

um measurement) 328
Millitorr (unit of vacuum measure-

ment) 328
Mist traps, see Traps, mist
Mohs' scale of hardness 23
Molecular sieves, see Traps, molecular
Momentum transfer gauge 430

N
National Institute of Standards and

Technology, see NIST
Natural rubber 459

Neon 12
Neoprene 460
Newman 327
NIST (National Institute of Standards

and Technology) 85
Nitrogen 253, 261, 262, 276
Nitrogen leak (dry) 356
NMR 483
Nollet 327
Noncondensable gases 385, 416, 455,

464
Non-polar solvents 239
Nonpolar solvents 234

benzene 239
ethane 239
hexane 239

o
Organic solvents 239
O-ring461
O-rings 58-63, 179

chemical Resistance 59
sizes 60

Outgassing 378, 431, 442
Outside-in technique, see Helium leak

detection
Oxygen 253, 256, 261, 262, 269, 271,

276, 283
condensing within cold trap 394

PARAFILM "M"® 58
Parallax 78, 79, 93, 94
Partial pressure versus total pressure

363
Paniculate traps, see Traps, particulate
Pascal, Blaise 326
Penning 327
Penning gauge, see also Ionization

gauge 429
Pennyhead stoppers

storage 195
Permeability 460, 461
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Permeation 432
Pharmaceutical cylinder 87
Phase separation 5-7, 8
Philips gauge, see also Ionization

gauge 429
Photosensitive glass 5
PIG (Philips Ionization Gauge), see

also Ionization gauge 429
Pipettes 107-113

color coded bands 108
cotton plug 108
measuring 107, 111
non-blowout 108
serological 107, 112
volumetric transfer 107, 109

Pirani 327
Pirani gauge 420, 452

safety concerns 419
Polar solvents 234, 239

acetone 239
ethanol 239
isopropanol 239
methanol 239
methyl ethyl ketone 239

Polariscope 23, 36
Polycarbonate 90
Polymer resistance 493
Polymers

Effects of chemicals upon 497
Polyolefins 493

polyethylene 494
polyethylene, high-density 494
polyethylene, low-density 494
polymethylpentene 494
polypropylene/polyallomer 494
polystyrene 495
polyvinyl chloride 494

Pressure release valves 254
Probe gases and liquids 444-446, 455
Propane 253, 256, 261, 262, 269, 276,

279
Propane tank 480
Pumping speed 338
Pyrex 13

Pyroceramic material 6

Q
Quartz, see Glass, quartz

R
Radiation/Absorption (temperature)

287
Reagent bottle (stopper plug) 178
Redhead 327
Regional Control Centers (RCCs) (Ca-

nadian) 273
Regulator 278-285

instillation 281
parts 278-281
purchasing 284
safety 283
single-stage 280, 284
two-stage 280, 283, 284

Rotary valves 189-191
storage 194

Roughing pumps, see also Mechanical
pumps, roughing pumps 346

Round bottom flask support 470
Rubber stoppers 50

drilling 51-55
inserting glass tubing 56
removing glass tubing 57

Screw clamp 480
Seals

demountable 436
Separation traps (cross ref) 400
Serological (pipettes) 107
Silicon grease 27
Silicone 459
Silver soldering 488
Slush baths 304-309, 394,484

safety 306
Soft glass, see also Glass, soft glass 10
Stainless steel
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(type) 303 468
(type) 304L 468

Standard leak 457, 459
Stopcock grease 117, 196-203

(silicon-based) 117
applying 203
fluorocarbon (cleaning) 236
hydrocarbon 198
hydrocarbon (cleaning) 236
Krytox 200-203
silicone 198-200
silicone (cleaning) 236

Stopcocks 184,471
general tips 212
high-vacuum 184-187
leakage 208-211

merthiolate or prussian blue
test 210

pencil test 209
rock or jiggle test 209

leaks, dealing with 211-212
misalignment 184
oblique 186
preparations for use 196
preventing from freezing (sticking)

204
regrind 211
storage and use 192-194
Teflon 187-189, 194
three-way 192
two-way 185
unfreezing (unsticking) 205-208
vacuum 193

Stopper plug 178
Stress Concentration Factor 24
Swagelok 405
Swagelok®, see Joints, Swagelok®

T
Teflon 496
Teflon Sleeve 203
Tefzel 496
Temperature 73, 144-170

air thermometer 74
calibration 74, 145
Celsius 75
centigrade 147
dilatometer (or bimetal coil) 147
expansion-based 150
Fahrenheit 74
gas or vapor at constant volume

147
Kelvin 75, 146
linear expansion 151
liquid-in-glass thermometer 147
platinum wire 148
Rankine 75
Reaumur 75
thermocouple 148, 161
volumetric expansion 151

Tesla coil, see also Leak detection,
Tesla coil 446

Thermocouple gauge 422, 452
advantages and disadvantages 422
cleaning 423
safety concerns 419

Thermocouples 161-167
Thermometers 151

air bubbles 158
calibration 157
complete-immersion 153
expansion-based 150
hysteresis 156
lag 158
linear expansion 151
partial-immersion 153
pressure expansion 160
resistance thermometers 167-170
total-immersion 153
variations 155
volumetric expansion 151

Throughput (gas flow) 338
Time 75

cesium 133 76
Tip off (sample tube) 483-487
Toepler pumps 325, 385-386
Torch
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gas-oxygen
lighting 480
shutting off 482
using 482

poping 478, 481
premix torch 477
surface-mix 479
surfacemix 477
tips 479

Torr (unit of vacuum measurement)
328

Torricelli, Evangelista 325
Total pressure versus partial pressure

363
Tracer-probe technique see Helium

leak detection
Transfer of energy 287
Transportation emergency assistance

plan (TEAP) 273
Traps 355, 386-401

coaxial 388, 390
cold 388, 389

dry ice 394
limiting moisture near top 395
maintenance (coolant level)

396
maintenance (emptying and

cleaning) 398
orientation 391
proper use 391

condensing oxygen 394
freezing oxygen 372
liquid 401
mist 389, 390
molecular 388, 389
paniculate 388, 390
purposes for 387
separation traps 387, 399
types 388

u
Ultrasonic cleaners 238
Ultra-Torr fittings, see Joints, Cajon

Ultra-Torr
UV-transmission. See Glass, high tem-

perature and UV-transmission

Vacuum
creating 333
dynamic 435
leak sources 431
outer space 324
perfect 323
pressure 328
static 435
units of pressure 328

Vacuum equipment, history 325-327
Vacuum gauges 402-431

accuracy 402
inaccuracy 403-404
ionization gauges 423
liquid 406
manometer, see Manometer
McLeod gauge, see McLeod gauge
mechanical 404

cleaning 405
thermocouple and pirani 419
thermocouple gauge, see Thermo-

couple gauge
Vacuum line contamination removal

356
Vacuum pumps 340-386

aspirator 341
mechanical, see also Mechanical

pumps
Vacuum rack 469
Vacuum stopcocks, see Stopcocks

high-vacuum
Vacuum systems

aluminum 468
cadmium 468
copper 468
copper OFHC 468
design (glass) 468-472
how to use 325
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pricing and costs 324
shutting down 374, 376, 399
starting up 357
system power failure 442
water vapor 377
zinc 468

Valve, see also Stopcocks and Rota-
tional valves

Vapor pressure 332
Vapor pump

see Diffusion pump
Vapors versus gases 329
Vernier (calibration) 81
Virtual leaks, see Leak detection, Vir-

tual leaks
Volume 73, 85, 85-118

Archimedes principle 100
buoyancy (effect) 99
calibration 95
Calibration tolerance ware 89
Certified Ware 89
Class A ware 89
Class B ware 89
correcting volumetric readings 97-

101
cubic decimeter 73

effects of alkaline materials 95
general purpose ware 89
level of accuracy 96
paper cuff 94
reproducibility 96
special tolerance ware 89
Type I, Class A 91
Type I, Class B 91
Type II91

Volume containers
polycarbonate 90
polymethylpentene 90
polypropylene 90
polystyrene 90

Volumetric flasks 101-104
caps 102
tolerances 101

Volumetric transfer (pipettes) 107
Vycor, see Glass, Vycor

w
Weight and mass 118-120
Weight, see Balances, weight
Welding (glass) 490
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its selection, use, cleaning, and maintenance. It clearly explains the historical devel-
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