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DEFINITIONS

To more easily understand this book the terms listed below shall
have the following meanings. No attempt is made to define ordinary
words which are used in accordance with their established dictionary
meaning, except where necessary to avoid misunderstanding.

Absolute Pressure. The sum of gage pressure and atmospheric pressure.

Atmospheric Pressure. The force exerted on a unit area by the weight
of the atmosphere. Pressure at sea level due to the atmosphere is 14.7
psi.

Available N.P.S.H. The inherent energy in a liquid at the suction con-
nection of a pump.

Axial Flow. Most of the pressure is developed by propelling or lifting
action of the vanes on the liquid. The flow enters axially and dis-
charges nearly axially.

Bernoulli's Theorem. Assuming no friction losses or the performance of
extra work, the sum of three types of enerqy (heads) at any point in a
system is the same in any other point in the system.

Brake Horsepower. Total power required by pump to do a specified
amount of work.

Cavitation. When pressure in suction line falls below vapor pressure,
vapor 1s formed and moves along with the stream. The collapse of vapor
bubbles creates noise and vibration, (i.e. the cavitation).

Design Working Head. Head which must be available in the system at a
specified location to satisfy design requirements.

Density. The weight per unit volume of a substance.

Diffuser. A point just before the tongue of casing where all the liquid
has been discharged from the impeller. It is the final outlet of the

pump.

Flat Head Curve. The head rises slightly as the flow is reduced. As
with steepness, the magnitude of flatness is a relative term.

Fluid. A substance which in static equilibrium cannot sustain tangen-
tial or shear forces.

Friction Head. The rubbing of water particles against each other and
against the walls of the pipe. This friction causes a pressure loss in
the flow line, called the friction head.

Gage Pressure. The difference between a given pressure and that of the
atmosphere.

Head. Energy per pound of fluid. Commonly used to represent the ver-
tical height of a static column of liquid corresponding to the pressure
of a fluid at the point in question.

Horsepower. Power delivered while doing work at the rate of 500 ft-1lb
per second or 33,000 ft-1b per minute.

Hydraulics. The study of fluids at rest and in motion.

Independent Head. Consists of head that does not change with flow, such
as static head and minimum pressure at end of system.




KVA. The total power required to drive a motor.

Mechanical Efficiency. Ratio of power output to power input.

Mechanical Seals. Acts as a check valve to keep liquid from escaping
from the pumping system. It also works as a slider bearing.

Mixed Flow. Pressure is developed partly by centrifugal force and
partly by the lift of the vanes on the liquid. The flow enters axially
and discharges in an axial and radial direction.

Multistage Pumps. In order to give high pressure, two or more impellers
and casings can be assembled on one shaft as a single unit, forming a
multistage pump. The discharge from the first stage; discharge from

the second stage enters the suction of the third, and so on. The pump
capacity is the rating in gallons per minute of one stage; the pressure
rating is the sum of the pressure ratings of the individual stages,
minus a small head loss.

Net Positive Suction Head. Amount of energy in the liquid at the pump
datum. It must be defined to having meaning, as either available or re-
guired N.P.S.H.

Packing. A soft semiplastic material cut in rings and snugly fits
around the shaft or shaft sleeve.

Potential Head. Energy position measured by work possible in dropping
vertical distance.

Pressure. The force exerted per unit area of a fluid. The most common
unit for designating pressure is pounds per square inch (psi).

Pump Affinity Laws. Pump affinity laws state that flow is proportional
to impeller peripheral velocity, and head is proportional to the square
of the peripheral velocity.

Pump in Parallel. The head for each pump must equal the system head and
the sum of the individual pump capacities equal the system flow rate at
the system head.

Pump in series. The total head/capacity characteristic curve for the
two pumps 1n series can be obtained by adding the total heads of the
individual pumps for various capacities.

Pump Performance Curve. Describes head horsepower, efficiency and the
net positive suction head required for proper pump operation.

Radial Flow. Pressure is developed principally by centrifugal force
action. Liquid normally enters the impeller at the hub and flows
radially to the peripherv.

Reguired N.P.S.H. The energy in the liguid a pump must have to operate
satisfactorily.

Shut off BHP. One half full load BHP is normally considered to be the
Shut off BHP.

Slip. Loss in delivery due to the escape of liquid inside pump from
discharge to suction.

Specific Gravity. The ratio of a substance density to that of some
standard substance.

Specific Speed. Specific speed is an index number which correlates
pump capacilty, head and speed.
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Static Pressure Head. Energy per pound due to pressure. The height a
liquid can be raised by a given pressure.

Static Suction Head. When supply source is above the pump. Vertical
distance from free surface of liquid to pump datum.

Static Suction Lift. When supply source is below the pump. Vertical
distance from free surface of liquid to pump datum.

Steep Head Curve. Head rises steeply and continuocusly as the flow is
reduced.

Suction Specific Speed. An index number describing suction character-
istics of a given impeller.

System Head Curve. A plot of system head versus system flow. System
head varies with flow since friction and velocity head are both a
function of flow.

Total Head. Net difference between total suction and discharge heads.
The measure of energy increase imparted to the ligquid by the pump.

Utility Horsepower (UHP). Utility horsepower (UHP) is simply BHP di-
vided by drive efficiency.

Vacuum. Pressure below atmospheric pressure.

Vapor Pressure. The pressure at which a pure liquid can exist in equi-
librium with its vapor at a specified temperature,

Variable Speed Pressure Booster Pumps. Variable speed pressure booster
pumps are used to reduce power consumption to maintain a constant
building supply pressure by varying pump speeds through coupling or
mechanical devices.

Velocity Head. Kinetic energy per pound. The vertical distance a
liquid would have to fall to acquire the velocity "V".

Viscosity. The internal friction of a liquid, or that property which
resists any force tending to produce flow.

Water Hamer. The result of a strong pressure wave in a liquid caused
by an abrupt change in flow rate.

Water Horsepower. Power required by pump motor for pumping only.
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CHAPTER I

PUMP SELECTION

1.1 Introduction

Pump selection is the process of choosing a pump for a
particular application which will furnish gquiet cavitation and
maintenance-free performance over a long period of time. This,
of course, includes future needs. Pump selection is not difficult,
but proper pump selection does require some practice.

Generally speaking, the duty point for a pump application
should be spotted on the performance curve as close to the best
efficiency point as possible. The best efficiency point is where
the pump operates the most guietly and experiences the most
maintenance-free life. However, most pumps are chosen to operate
at duties other than at the best efficiency point. 1In the event
that a duty point cannot be spotted near the best efficiency point
of any pump, it is wise to make a selection with the duty point
falling to the left of the best efficiency point. Such selection
will insure more successful operation due to (1) quieter operation;
(2) longer maintenance-free life; and (3) less chance of cavita-
tion.

A centrifugal pump normally lasts for many years and, too
often, the day comes when the pump cannot meet increased demand.

A larger pump must be purchased, and the new pump may require a
new mounting pad, pipe change, electrical equipment changes, etc.
Such an undesirable situation may be eliminated by initially
planning for future pump needs.

The success of a pumping installation depends largely on the
competency of the specification writer and the skill of the person
who evaluates the quotations. A good installation is not
necessarily the lowest initial cost but the lowest capital and
operating cost over the economic life of the equipment, together
with performance, reliability and freedom from down time.

Pump Selection And Building Owner

Historically, an owner's primary interest has been focused on
first cost and low maintenance. Now, with the high cost of energy,
total annual owning and operating expenses are becoming the domi-
nating concerns when selecting motors.

When energy was relatively cheaper, most pumps were oversized.
With rising fuel costs, the current emphasis is for owners to
select pumps on the basis of their application. Therefore, when
the application changes, the pump-type often changes too.

Another prevailing trend is utilizing a more sophisticated
network analysis, often involving computer simulations. This
allows for more reliability in pump selection, including use of
variable speed, primary and/or secondary pumping systems.

When pump load varies and the pump motor is constantly in
operation, sometimes just being on-line can be inefficient.
Methods of determining the most efficient combination of pump
selection, including the hand-calculator Hardy-Cross method, often
can point out these inefficiencies.

Another area that is receiving greater owner attention is
preventive maintenance. Monitoring and operating methods are
being more closely watched.

Moving liquids from one place to another, similar to mechani-
cal handling, adds cost to the product, but nothing to its value.
Therefore, it should be done as cheaply as possible.

As previously mentioned, the overall cost of pumping is not
confined to the initial capital cost, but consists of: installed
cost-amortization; power or fuel cost; supervision and maintenance
costs; and the cost of down-time or standby equipment.



Pumps and Pump Systems

If a continuous pumping system with 100 percent reliability
is essential, standby unity must be provided. If the service is
not critical and some down-time can be accommodated, a less exotic
pumping system may be justified, particularly if pumping cost
increases can be written off with some tax relief,

The cost of borrowed money has an important bearing on the
design of the most economical scheme. With rising inflation and
higher labor costs, a pumping system designed for an economical
life of 20 years or more will invariably be a better proposition
if the operating costs can be kept to a minimum, even at the ex-
pense of a higher initial capital investment.

If, however, borrowed capital is difficult to obtain, and
the economy appears to be in a tight anti-inflationary depression
and labor costs are likely to be fairly stable, higher maintenance
costs may be acceptable on a short-term basis.,

This approach is particularly true in underdeveloped countries
where there is an abundant amount of cheap labor, where governments
are anxious to increase employment and where foreign capital is
extremely difficult to obtain.

The owner is responsible for the money authorized to spend. It
is important, therefore, that the owner's cash flow position is made
known to the engineer before the design is commenced. A convenient
way of doing this is for the engineers to prepare a concept report
of his proposed scheme in sufficient detail to enable the owner
to understand the various implications involved and to advise the
engineer of the financing details.

Por example, there is not much logic in saving $20,000 or more
in capital cost of a process industry at the expense of reliability,
if down-time consists of several thousand dollars per hour.

Overall, owners will not tolerate use of oversized systems from
designers. This means designers will have to be more knowledgeable
about, and sensitive to, owner's concerns.

Pump Selection and Pump Manufacturer

In a competitive marketplace, manufacturers must present their
design features and benefits reasonably. Because of stiff competition,
it has become more and more difficult for manufacturers to provide
the installation services. Resources are often stretched to their
maximum limit. ‘

One result is the increasing dominance of prepackaged systems,
which has both advantages and disadvantages for the manufacturer and
designer.

Also, in order to remain in business, a pump manufacturer must
sell equipment. Since a pump is not regarded as a consumable item,

a sale lost today is lost forever. On the other hand, a successful,
conscientious pump supplier can usually look forward to a continuing
business in spare parts and, when extensions to the plant are required,
.additional pumps.

Buyers are frequently obliged to accept the lowest bidder. It is
sometimes difficult, without specific adverse experience with a
particular manufacturer's product, to justify a more expensive unit
which will, in the engineer's opinion, give better performance during
its economic life,

The initial cost of a pumping unit, including motor or engine drive,
canh be kept to a minimum. A high impeller speed is possible; however,
the maintenance cost is increased considerably. In the past, most pump
and engine manufacturers have built slow-speed units. Depending on their
capacity, pumps would operate at motor synchronous speeds of 900, 1200
and 1800 rpms, and with engine drives at even lower speeds.

Unfortunately, slow-speed pumps are no longer readily available
since their intitial cost is higher and competition for the lowest
bid forced them off the market. Some manufacturers have retained
their old patterns and will still cast impellers and
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bowl assemblies as spare parts for existing pumps, but they are
reluctant to market new pumps in the low-speed range. The
frequency of spare-part replacement for slow-speed pumps is
considerable less.

When the prices of spare impellers and bowl assemblies are
compared to the initial cost of the pump, it becomes obvious that
today's pump manufacturers must rely on the spare-part service for
much of their business.

It is the same o0ld story of built-in obsolescence. If pumps
lasted indefinitely, the majority of pump manufacturers would soon
be out of business.

It is frequently said that, with modern designs and with
manufacturing techniques using new alloys and better materials,
higher shaft speeds are perfectly satisfactory. These statements
are valid only under ideal operating conditions.

Once the machine is subjected to wear, corrosion or erosion,
the inevitable result is misalignment and vibration. The smooth,
quiet-running pump becomes a veritable grinding machine,
accentuated by its higher rotative speed. The frequency of repairs
guickly absorbs any savings in the initial cost. Unfortunately,
the magnitude of these costs is rarely appreciated unless the owner
is aware of the problem and keeps accurate maintenance and
operating costs against each item of equipment.

Consulting Engineer and Pump Selection

A consulting engineer's job is to study the problem and design
the best scheme for achieveing the required result. He or she must
consider pump hydraulics, power and fuel supplies, detailed pump
design and, finally, capital and operating costs.

It is possible that initially four or five schemes will evolve
with apparently equal merit. Then, it is necessary to develp each
scheme in greater detail to resolve one or two viable schemes.

During preliminary studies, discussions should take place
between the engineers and the pump suppliers to determine what
equipment is available. Estimating prices will help considerably
in determining the optimum scheme, but the final option will not
be arrived until the final invitations to tender are issued, and
the quotations are received.

The engineer must give the pump suppliers as much data and
general information as possible to ensure that the final guotations
are representative of the best the industry has to offer.

Each supplier is asked to complete the data sheet and submit
it with his quotation, so that all submissions can be evaluated on
equal terms. Unfortunately, some pump suppliers are reluctant to
do this, and will submit the gquotations only on their own standard
formats.

In order to present a meaningful comparison, engineers must
prepare a tabulation sheet containing all the relevant data. If
the engineer has to search through the pump supplier's formal
quotation to uncover the informations needed, there is a possibil-
ity that some data will be missing.

Consulting engineers are not usually a pump designer. They
cannot be knowledgeable of all the new techniques available to pump
manufactures. The majority of pump suppliers will welcome a
general outline of the engineer's requirements in addition to the
broad parameters of design, which will include the following:

Head

Capacity

Available New Positive Suction Head (NPSH)

Preferred shaft speed

System head curve parameters

Horse power characteristics

Specific speed with respect to cavitation should be stated
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® Suction conditions, including limits of submergence, suction
head or suction lift
® Drives, electric motor or engine

In addition to the numerical data, reference should be made
to specific applicable design codes.

® American Standard for Vertical Turbine Pumps
e Hydraulic Institute Standards
e Centrifugal Fire Pumps

Having provided the pump supplier with all the compliance
parameters, the specific details of the pump's design should be
left to the engineer. The completed questionnaire will inform the
engineers of the quality of the equipment being offered.

Efficiency of energy conversion is a prime consideration in
municipal or domestic installations since power is often the
largest operation cost item. The annual power costs of each
efficiency point can be calculated, and should be made known to
the suppliers in the Invitations to Tender.

Checking the pump tests and the receipt of the certified per-
formance curves ensures the engineer the pumps are capable of the
required performance, but it is of little value to purchase pumps
on the basis of their good efficiency characteristics if they
cannot be maintained in practice.

The service facilities of the successful manufacturer and
distribution agents are of considerable interest to the owner.
Equipment manufactured overseas must be adequately serviced by a
large stock of spare parts carried in this country, since overseas
servicing arrangements can be unpredictable.

Number of Pump Units

Multiple pump systems save energy by allowing a small lead
pump to maintain pressure during low flow periods. When a small
lead pump or a jockey is used, it should be sized for a minimum
requirement of 50 gpm. It would not be a good design practice to
have a larger pump to be energized each time a fixture was used.

Duty point alone must not decide pump selection. If an im-
peller is more efficient at duty point, but would require a larger
motor to prevent overload at run out, a smaller horsepower at run
out would likely use less energy. Motors consume less power per
unit of work at full load.

A three-pump system using idential electrically driven pumps,
each capable of supplying 50 percent of the maximum demand, is a
popular arrangement. The power supply only needs to be capable of
operating two pumps at any one time. Sometimes, a three-pump sys-
tem should be increased to a four-pump system on the basis that
there will be two pumps in operation, one on standby, and one down
for maintenance. The economics of a four-pump system, each capable
of 33% percent of the maximum demand, should also be considered.

If the power supply is subject to frequent failure, and
continuous pumping operation is essential - for example, a fire
pump station or a sewage lift station. Engine-driven pumps or a
standby diesel generator should be considered.

If water demand is variable, variable speed pumps are re-
quired. The use of wound rotor motors with Flomatcher controls
has some advantages, since the starting current for a wound rotor
motor is equal to, or less than, the full load current.

In an endeavor to conserve power and to ensure that each pump
is operating at its best efficiency, a "Cascade System" consisting
of three or more pumps of various capacities, but with the same
total developed head and all capable of paralleling together, has
frequently been installed. An automatic controller is provided
to select the optimum combination of units to suit the water de-
mand. Unfortunately, certain pumps in the series seem to operate
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most of the time, while others are idle. For most installations,
particularly for smaller systems, it is better to have all pumps
the same capacity. The system is more flexible to meet water de-
mand, maintenance is easier and wear can be uniform.

Economics

The economic evaluation of different water pumping systems
for a public building is necessary to achieve the optimum type of
water system with a proper balance between first costs and
operating expenses.

The first cost of all water system components must be in-
cluded in the evaluation (i.e. piping, tanks, pumps, electrical
service and controls), along with the cost of building provisions -
structurally and spacewise. Operating costs consist primarily
of electrical energy charges on electric motor-driven pumps.

This demonstrates the complexity of water system evaluation,
which will vary with building type and use. A number of design
conditions concerning the actual building must be determined be-
fore the water pumping system evaluation can be initiated. These
include:

Type of water supply - well, water main or open tank (reservoir)

Water demand - minimum and maximum flow rate in the system

Load profiles - hours per day, and days per week

Head losses - building pipe and valve friction, including meter

and backflow preventor losses

® Code requirements - minimum flow capabilities and fire prevention
storage needs

® Electrical charges - demand and commodity charges, as well as the

availability of off-peak reductions (i.e. night rates). Trends

in electrical charges for the past 10 years and projections for

the next 20 years should be secured from the electric utility

Most of these design conditions are easy to determine for a
specific building, with the one exception being minimum and maximum
flow rates. Hunter's curve, using fixture units, has been
criticized severely, but to this day no technical society has
brought forward any data that can supplant it on all buildings.

Some consulting engineers, with extensive experience with a
specific building-type, have developed their own criteria for
water usage in that building. There have been attempts by pump
manufacturers to provide data based upon specific studies conducted
on serveral buildings. Such data should be rejected because there
are too many variables in a building's water usage, including
socio-economic factors. It is urged that the involved technical
societies work together with the Bureau of Standards to produce a
more exact method of predicting water usage in a building than
Hunter's curve. If Hunter's curve is used, no safety factors
should be applied to the resulting flow in gpm.

The total pump head for buildings is not difficult to deter-
mine, but frequently not enough time is taken to carefully design
the head required for a specific building. Short cuts, such as
taking 10 percent of the static head of the buildings for pipe
friction or 50 percent of the pipe friction for fitting and valve
losses, should be avoided. They will produce erroneous friction
heads.

The pipe fittings to the farthest run should be counted, and
friction losses determined in accordance with the Hydraulic Insti-
tute's method of calculating friction losses in pipe fittings.
Also, the losses of water meters and backflow preventers should be
determined as carefully as possible.

Added to the above technical design conditions must be
financial requirements established by the building owner. The
most significant factor of these is the amortization period
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allowed by the owner for increased first cost to achieve lower
operating costs.

The speculative builder's decision is going to be different
from that of an institutional owner, who may allow 20 to 30
years to amortize first costs.

The last consideration to be taken in the water pumping system
evaluation is the fact that the water usage and friction cannot be
determined exactly. Therefore, the design of the water system
should allow operating pumps and controls to produce the flow
and ‘head actually required by the buildings, not the calculated
design flow and head.

An additional condition necessitating operation at actual
flow and head conditions is the fact that pump friction is
calculated normally for 20-year-old pipe, new pipe friction being
50 to 60 percent of this.
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CHAPTER 2

SUCTION AND DISCHARGE CONDITIONS

2.1 Pressure

The force exerted per unit area of a fluid. It can be consid-
ered a compressive stress. The most common unit for designating
pressure is pounds per square inch (psi). According to Pascal's
principle, if pressure is applied to the surface of a fluid, this
pressure is transmitted undiminished in all directions.

PRESSURES

® Gage Pressure
e Atmospheric Pressure
® Absolute Pressure
Gage + Atmosphere = Absolute
e 1l Atmosphere = 14.7 psi = 34 ft, water
34/14.7 = 2.31
® PSI = (Head in Feet/2.31) x SP.GR.

Atmospheric pressure is the force exerted on a unit area by the
weight of the atmosphere. The pressure at sea level due to atmos-
phere is 14.7.

Gage pressure is a corrected pressure and is the difference be-
tween a given pressure and that of the atmosphere.

The sum of gage pressure and atmospheric pressure is absolute
pressure. The absolute pressure in a perfect vacuum is zero.
Absolute pressure of the atmosphere at sea level is 14.7 psi (0 psi
gage) .

The term vacuum is frequently used in referring to pressures be-
low atmospheric. Due to the common use of a column of mercury to
measure vacuum, units are expressed in inches of mercury. (14.7 psi
atmospheric pressure equals 30 inches of mercury.)

Since water weighs 0.0361 pounds per cubic inch, a column of
water one square inch in area and one foot high will weigh 0.433
pounds. To increase the pressure 1 psi requires 2.31 feet increase
in depth.

While discussing various types of pressures, one should consider
vapor pressure. The vapor pressure of a liquid at a specified tem-
perature is the pressure at which the liquid is in equilibrium with
the atmosphere or with its vapor in a closed container. At
pressures below this vapor pressure at a given temperature, the
liquid will start tovaprize due to the reduction in pressure at
the surface of the liquid. (At 50 degrees Fahrenheit, the vapor
pressure of water is 0.256 psi. At 212 degrees Fahrenheit, it is
14.7 psi.)

Intake sump and protective screens

Care must be exercised in the design of intake sumps to avoid
localized velocities that might create vortex formation. Vor-
tices can reduce capacity and cause noise, vibration and possible
damage to the pump. The Hydraulic Institute Standards contain
recommendations on intake sump designs.

In designing a intake sump, it is important to ensure that one
side of the suction bell-mouth is close to one wall of the pump
chamber and that the bottom opening is reasonably close to the
floor in accordance with the "Hydraulic Institute Standards."”

Protective screens should be provided whenever there is sus-
pended or floating debris entering the pump suction. Wire screens
bolted or welded directly onto the suction bowl as protection
devices are prohibited. These devices create serious suction prob
lems if they become plugged, and they may corrode, fail and be
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drawn into the pump suction. This may eventually cause damage to
the bowl assembly.
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2.3

Pump inlet design.

Piping and Valves

Suction and discharge piping should be sized so that velocities
are not excessive. Velocities of 5 ft/sec in suction piping and
8 ft/sec in discharge piping are reasonable maximums. Piping
should have sufficient flexibility and be adequately supported so
that no stresses are transmitted to the pump. Expansion joints
or couplings that do not provide an axially restrained connection
should not be used between the pump and a point of anchorage in
the piping. Such an installation causes the hydraulic reaction of
the pump to be carried by the pump, pump base and anchor bolts.
This force could be of a magnitude to govern the structural design
of the pump, and could make the construction economically infeasi-
ble.

Valves should be installed in the suction and discharge of the
pumps to permit isolating the pump for maintenance and to control
flow. The type of check valve required depends on the piping sys-
tem into which the pump discharges. Ordinary swing check valves
may be adegquate, but in many systems power-operated, stop-check
valves are needed to control surge or water hammer. If the pump is
to be started and stopped against closed valves to control tran-
sient surge pressures, power-operated butterfly or ball valves in-
terlocked with the pump start-stop controls can be used.

Controls

Pumps can be controlled by level, pressure or flow. Level
controls can start and stop pumps at predetermined water levels in
storage reservoirs or tanks. Controls for variable-speed pumps
can be used to vary the pump discharge to maintain a predetermined
level, pressure or flow,

Flow control is used to meet a fluctuating demand by varying the
speed of the pumping unit. Sometimes flow control is provided by
throttling. However, it is usually more economical to vary the
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pump speed.

Emergency controls are essential to good pump station design.
Low-level shutoff should be provided in sumps. and low-pressure
shut-off in suction lines, to prevent damage to pumping units by
running them dry. High-level alarms should be provided in basins
or storage tanks to indicate malfunctions and abnormal conditions.

Velocity Head

Velocity head represents the kinetic energy per unit weight that
exists at a particular point. If velocity at a cross section were
uniform, then the velocity head calculated with this uniform or
average velocity would be the true kinetic energy per unit weight
of fluid. But, in general, velocity distribution is not uniform.
True kinetic energy is found by integrating the differential kinet-
ic energies from streamline to streamline. The kinetic energy
correction factor o to be applied to the Vgézg term is given by
the expression

o = ‘/AIA (v/v)3 4 a

where average velocity in the cross section
velocity at any point in the cross section
area of the cross section

\Y%
v
A

Studies indicate that o = 1.0 for uniform distribution of
velocity, o« = 1.02 to 1.15 for turbulent flows, and o = 2.00 for
laminar flow. In most fluid mechanics computations, o is taken as
1.0, without serious error being introduced into the result, since
the velocity head is generally a small percentage of the total
head (energy).

If the two velocity heads are unknown, relate them to each other
by means of the equation of continuity.

Q=A V, =A V, = constant (in ft!/sec or gpm)

where A, and V, are respectively the cross sectional area in ft?
and the average velocity of the stream in ft/sec at Station 1, with
similar terms for Station 2. Units of flow commonly used are cubic
feet per second (cfs), although gallons per minute (gpm) and
million gallons per day (mgd) are used in water supply work.

Net Positive Suction Head (NPSH)

NPSH is the total suction head in feet absolute, determined at
the suction nozzle and corrected to pump datum, less the vapor
pressure of the liquid in feet absolute. In other words, it is an
analysis of energy conditions at the suction side of a pump to de-
termine if the liquid will vaporize at the lowest pressure point
in the pump. It should be stressed that only absolute pressures
are used in all calculations to determine NPSH. To convert gage
pressure (psig or psi) to feet absolute, add the barometric
pressure (l4.7 psi at sea level) to the liquid psi to obtain psi
absolute and then multiply by 2.31.

The vapor pressure is a unique characteristic of every fluid
and increases with increasing temperature (see Figure 2-1 for the
vapor pressure of water). When the vapor pressure of the fluid
reaches the pressure of the surrounding medium, the fluid begins
to vaporize. The temperature at which this vaporization occurs
decreases as the pressure of the surrounding medium decreases.

If a fluid is to be effectively pumped, it must be kept in a
fluid state. Required NPSH is a measure of the suction head re-
quired to prevent vaporization at the lowest pressure point in the
pump and NPSH available is a measure of the actual suction pres-
sure provided by the system.

NPSH required
NPSH required is a function of pump design. As the liquid
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flows from the pump suction to the eye of the impeller or vane,
velocity increases and pressure decreases. Additional pressure
losses occur due to shock and turbulence as the liquid strikes the
impeller or vane. As the impeller or gear rotates, centrifugal
force increases the velocity with a further decrease in the liquid
pressure. The NPSH required is the positive head, in feet abso-
lute, required at the pump suction to overcome these pressure
drops in the pump and maintain pressure of the liquid above its
vapor pressure. NPSH required varies with pump design, pump size,
and operating conditions, and is supplied by the pump manufacturer.

In a centrifugal pump, required NPSH is that amount of energy
(in feet of liquid) required:

1. To overcome friction losses from the suction opening to
the impeller vanes.

2. To create the desired velocity of flow into the vanes.

In a rotary pump, required NPSH is that amount of energy (in
psi) required:

1. To overcome friction losses from the suction opening into
the gears or vanes.

2. To create the desired velocity of flow into the gears or
vanes.

Available NPSH

Available NPSH is a characteristic of the system and is defined
as the energy in a liquid at the suction connection of the pump
(regardless of the pump type), over and above that energy in the
liquid due to its vapor pressure. In other words, it is the ex-
cess pressure of the liquid, in feet absolute, over its vapor
pressure at the pump suction. Figure 2-2 illustrates four typical
suction conditions and the applicable NPSH, formula for each.

Since a liquid may have three types of energy, and since NPSH is
an energy term, the two methods of determining available NPSH
should take potential, pressure and kinetic energy into account.

To determine available NPSH by calculation of system head, con-
sider the energy at station 1 of Figure 2(a):

Ly + Pg + Vi/2g

This is the sum of potential, pressure and kinetic energies at
the liquid surface. Since the surface of the liquid supply is
large compared to the area of the suction pipe, the velocity head
is negligible and kinetic energy or velocity head is zero. Total
energy at station 1 is:

Py represents the pressure energy at station 1, or atmospheric
pressure. To ensure the liquid does not vaporize in the suction
line, subtract the vapor pressure (Vp) of the liquid from the
pressure energy at station 1.

LH+PB-VP

The pressure terms are expressed in psi absolute and converted
to feet of head, the unit commonly used to express available NPSH:

Ly + (Pg - Vp) x 2.31
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SUCTION SUPPLY OFEN TO ATMOSPHERE SUCTION SUPPLY OPEN TO ATMOSPHERE
( with.Suction Head)
1 L

{ with Suction Lift)

CLOSED SUCTION SUPPLY
\with Suction Head )

CLOSED SUCTION SUPPLY
( with Suction Lift)

i €

Ls

Pg = Barometric pressure, in feel absolute.

Ve = Vapor pressure of the liquid at maximum pumping tem-
perature, in feet absolute.

P = Pressure on surface of liquid in closed suction tank, in

(c) leet absolute.

L, = Maximum static suction lift in feet.

Ly = Minimum slatic suction head in feet.

hy = Friction loss in feel in suction pipe at required capacity

Figure 2-2. Calculation of System Net Positive Suction Head
Available For Typical Suction Conditions.
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It is equally important to correct for the specific gravity of the
liquid if it is not water. The above equation can be rewritten:
(p_ = V)
Ly + B p X 2.31
sp.gr.

This is because the energy at station 2, (the point at which
available NPSH is required), is equal to the energy at station 1
with the exception of losses due to friction. Available NPSH
after subtracting these)losses (hf) at station 2 becomes:

P -V
LH + ( B P_x 2.31 - hg
sp.gr.
Example 2-1: A cold water system at 60°F has vapor pressure 0.256
psia and specific gravity 1.0, respectively. Determine the avail-
able NPSH for this system in Figure 2-3.

(- V)
Solution: The available NPSH = Ly + __B P° x 2.31 - hg
sp.gr.
= 10 + (14.7 - 0.256) x 2.31 - 8
1.0
= 35.4 ft,

Example 2-2: A hot water system at 200°F has vapor pressure 11.53
psia and specific gravity 0.965, respectively. Determine the
available NPSH for this system in Figure 2-3.

Solution: The available NPSH = Ly + (PB - Vp) x 2.31 - hg

sp.gr.

10 + (14.7-11.53) x 2.31 - 8
0.965

PIPE
FRICTION
=8FT.

9.85 ft.

Fig. 2-3.
It is sometimes possible to determine available NPSH if test
readings are available, see Figure 2-4.

Since station 2 is at the datum, the liquid has no potential
energy and Ly equals zero. P_ equals gage reading. By adding at-
mospheric pressure to the gagg reading to obtain absolute pressure
head, subtracting vapor pressure, and correcting for the elevation
of the suction gage (Y), available NPSH can be obtained:

AVAILABLE N.P.S.H.
EXISTING SYSTEM WITH
~+, GAGE READING AVAILABLE

¥

1 2
=\ r _r‘[\“'
Va=VELOCITY N FT =L LU
2 C 1/5€C B STPT

AV. N.P.S.H.=(Poace +Parm- x2_3,+;£+y
Rsn 3

Figure 2-4.
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(Pg + Pq = Vp) x 2.31 + ¥ + Vi/2g

Sp. gr.

V, is the velocity of the fluid in ft/sec.

All of the prior information is applicable when a single pump
is used in a system. However, it is generally desirable to use
two or more pumps in parallel, rather than a single larger pump.
This is particularly advantageous when the system demand varies
greatly and repairs or maintenance can be performed easily on one
unit without completely shutting down the entire system.

Figure 2-5 shows the performance curves for system head and
NPSH, for a system requirement of 16,000 gpm at a head of 140 ft.
It sﬁould be noted that since friction losses increase with in-
creased flow, NPSHp decreases with increased flow. Two pumps in
parallel with each pump capable of single operation are desirable
and economical.

Each pump must be sized for 8,000 gpm at 140 ft. total svystem
head. Required NPSH for each pump must be less than 29 ft, for
parallel operation (see NPSH curve in Figure 2-6). Consider the
application of two pumps, each with similar characteristics as in
Figure 2-5. To study both parallel and single operation, the head/
capacity curve for both single and parallel operation must be
plotted with the system head curve.

In Figure 2-6 the head-capacity curve for the two pumps in
parallel can be plotted directly by adding the capacities (Q; + Q;)
of the individual pumps for various total heads selected at random.
The required NPSH curve is plotted in the same manner; i.e., the
required NPSH for one pump at 8000 gpm is 14.5 ft. and, therefore
16,000 gpm can be pumped in parallel operation with 14 ft. re-
quired NPSH by each pump. Figure 2-6 indicates that each pump will
deliver 8,000 gpm at 140 ft. total system head when operating in
parallel. Brake horsepower (BHP) for each unit will be 340 hp.

The required NPSH is 14.5 ft. and the available NPSH is 29 ft.

With only one pump operating, the flow will be 11,000 gpm at 108
total system head (the point at which the head/capacity curve in-
tersects the system head curve). BHP will be 355 hp, NPSHp is 26
ft.and NPSHp is 30 ft. This indicates that a 400- hp motor is
required. If a 350-hp motor had been selected based upon parallel
operation only, the motor would have been undersized for single
pump operation. Single pump operation is also critical for the
NPSH. If the system NPSHp had been about 20 ft., parallel pump
operation would have been satisfactory, but single pump operation
would result in cavitation.

40
SYSTEM 5
»[ nesma £
[
E 175 o= 30 g
:
g 150 2
H /- SYSTEM HEAC d
§ 125
S L/
100 =
E //
e —+
‘s ATIC HEAD

1] 2 4 8 8 10 12 14 16 18
CAPACITY GPM x 1000

Figure 2-5, System Curves.
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Figure 2-6. Parallel Operation

2.7 Pump Cavitation

When pressure in the suction line falls below vapor pressure,
vapor forms and moves along with the stream. These vapor bubbles,
or "cavities," collapse when they reach regions of higher pressure
on their way through the pump.

The most obvious effects of cavitation are noise and vibration.
These are caused by the collapse of the vapor bubbles as they reach
the high pressure side of the pump. The bigger the pump, the
greater the noise and vibration. 1If operated under cavitating con-
ditions for a sufficient length of time, especially on water
service, impeller vane pitting will occur. The violent collapse of
vapor bubbles forces liquid at high velocity into vapor filled
pores of the metal, producing surge pressures of high intensity on
small areas. These pressures can exceed the tensile strength of
the metal, and actually blast out particles, giving the metal a
spongy appearance. This noise and vibration also can cause bear-
ing failure, shaft breakage and other fatigue failures in the pump.

The other major effect of cavitation is a drop in pump
efficiency, apparent as a drop in capacity. (See Figure 2-7.)

The drop in the efficiency and head capacity curve may occur be-
fore the vapor pressure is reached, particularly in petroleum oils,
because of the liberation of light fractions, and dissolved and
entrained air.

Pitting is not as serious when the pump is handling oils, due
to the cushioning effect of the more viscous liquid.

In general, cavitation indicates insufficient available NPSH.
Excessive suction pipe friction, combined with low static suction
head and high temperatures contribute to this condition. If the
system cannot be changed, it may be necessary to change conditions
so that a different pump with lower NPSH requirements can be used.
Larger pumps might require the use of a booster pump to add
pressure head to the available NPSH.
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Figure 2-7. Cavitation - Effect On
Pump Capacity.

2.8 Head

Head is commonly used to represent the vertical height of a
static column of liquid corresponding to the pressure of a fluid
at the point in question. Head can also be considered as the
amount of work necessary to move a liquid from its origin to the
required delivery position. This includes the extra work necessary
to overcome the resistance to flow in the line.

In general, a liquid may have three kinds of energy, or the
capacity to do work may be due to three factors:

1. Potential Head (energy of position) - measured by work possi-
ble in dropping vertical distance.

2. Static Pressure Head (energy per pound due to pressure). The
height ligquid can be raised by a given pressure.

3. Velocity Head (kinetic energy per pound). The vertical dis-
tance a liquid would have to fall to acquire the velocity
"vll .

Static Suction Lift. When the supply source is below the pump (see
Figure 2-8). The vertical distance from the free surface of

liguid to pump datum is called static suction lift. The net
suction head, in this case, is the sum of static suction lift plus
friction losses (negative net suction 1lift).

Static Suction Head. When supply is above the pump. Vertical dis-
tance from the free surface of liquid to pump datum is called
static suction head. The net suction head is the sum of the static
suction head minus friction losses (either positive or negative).

Total Head. The total head developed by the pump can be expressed
by one of the following equations (see Figure 2-8):

PUMP WITH SUCTION LIFT

hg + hg + fq + £5 + (V?/2g)
BuMp WITH SUCTION HEAD

H =hg - hg + g + f5 + (V¥/2q)

H

where: H: total head (in feet) of ligquid pumped when operating at
the desired capacity.
hg: static discharge head (in feet) equal to the vertical
distance between the pump datum and the surface of
liquid in the discharge reservoir.
hg: static suction head or 1lift (in feet) equal to the
vertical distance from the water surface to the pump
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datum. (This value is positive when operating with a
suction lift and negative when operating with a suction
head.)

friction head loss in the discharge piping (in feet).
friction head loss in the suction piping (in feet).
Vv%?/2g is velocity head (in feet). For vertical turbine
and submersible pumps, the velocity head is measured at
the discharge flange. However, for booster pumps and
centrifugal pumps the velocity head developed by the
pump is the difference between the V2/2g at the dis-
charge flange and the V?/2g at the suction flange. That
is,

N Hh Hh
Qn

vi/2g = (V3/29) - (Vi/29)
where Vé /2g is velocity head at the discharge flange
V;/Zg is velocity head at the suction flange.

Since the discharge flange is usually a size smaller than the
suction flange, the difference in the velocity head is always posi-
tive. Usually, it is a small percentage of the total head, and
frequently is erroneously neglected.

Bernoulli Theorem

The energy equation results from application of the principle of
energy conservation to fluid flow. The energy possessed by a
flowing fluid consists of internal energy and energies due to pres-
sure, velocity and position. 1In the direction of flow, the energy
principle is summarized by a general equation as follows:

Energy at Energy Energy Energy Energy at
+

Section 1 Added Lost Extracted Section 2

This equation, for steady flow of incompressible fluids where
the change in internal energy is negligible, simplifies to

(p,/w + Vi/2g + z,) + Hp - Hy, - Hg = (P,/W + V3/2g + z,)

Energy cannot be created or destroyed. The sum of three types
of energy (heads) at any point in a system is the same in any
other point in the system, assuming there are no friction losses or
performance of extra work. The above equation, in this case, can
be further simplified to

(pr/w + Vi/2g + z,) = p,/w + V3/2g + z,)

This equation is known as the Bernoulli Theorem. The units used
are ft-1b/lb of fluid or feet of the fluid. Almost all problems
dealing with liquid flow utilizes this equation as the solution
basis.

Application of the Bernoulli Theorem should be rational and
systematic. Suggested procedures follow.

(1) Draw a sketch of the system, choosing and labeling all

stream cross sections under consideration.

(2) Apply the Bernoulli equation in the direction of flow.
Select a datum plane for each equation. The low point is
logical, as minus signs are avoided and mistakes reduced.

(3) Evaluate the energy upstream at Section 1. The energy is in
ft-1b/1b units, which reduce to feet of fluid units. For
liguids, the pressure head may be expressed in gage or ab-
solute units, but the same basis must be used for the
pressure head at Section 2. Gage units are simpler for
liquids. Absolute pressure head units must be used where
specific weight w is not constant. As in the equation of
continuity, V, is taken as the average velocity at the
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Figure 2-8. Pump heads.
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section, without loss of acceptable accuracy.

(4) Add, in feet of the £fluid, any energy contributed by mechan-
ical devices, such as pumps.

(5) Subtract, in feet of the fluid, any energy lost during flow.

(6) Subtract, in feet of the fluid, any energy extracted by
mechanical devices, such as turbines.

(7) Equate this energy summation to the sum of pressure head,
velocity head and elevation head at Section 2.

(8) If the two velocity heads are unknown, relate them to each
other by means of the equation of continuity.

Example 2-3: Water flows through the turbine in Figure 2-9 at the
rate of 7.55 cfs. The pressure at A and B, respec-
tively, are 21.4 psi and -5.00 psi. Determine the
horsepower delivered to the turbine by the water.

Step 1. Find the velocities at A and B respectively.
V,, = 7.55/A,, = 9.60 and V,, = 9.60/4 = 2.40 ft/sec,
Step 2. Set up the energy equation.
2 - 2
(Pp/w + V7,/29 + 2p) + 0 = Hiovpine = (Pp/w + V, /29 + zg)
21.4(144) + (9.60)% + 3.00 - H = =-5.00(144) + 2.40% L,
62.4 2g 62.4 2g

and Ht = 65.4 ft.

Step 3. Determined the horsepower deliverd to the turbine by
the water.

Horsepower = wWQH{/550 = 62.4(7.55)(65.4)/550 = 56.0
12" ,

rig. 2-9.
2.10 Friction Head

Friction head is the head lost in overcoming pipe friction. It
depends on pipe size, smoothness of the inside surface, the number
and type of fittings, orifice plates and control valves, flow
velocity, and liquid viscosity and density. The following is a
list of principal, semitheoretical flow equations for estimating
frictional head losses.

Darcy-Weisbach Equation
The Darcy-Weisbach equation can be used to estimate friction

head losses:
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where: HL = friction head loss, ft
f = friction factor
L = length of pipe
d = inside diameter, ft
R = hydraulic radius, ft
V = fluid velocity, fps
g = acceleration due to gravity (32.2 ft/s?)
p = fluid density

Hazen-Williams Equation
For fluid velocity, the Hazen-Williams equation is

V =1.318 c R9"%% g0-5*

where: C = coefficient of roughness
S = slope of the energy line = HL/L
V = Fluid velocity (fps)

A more useful form of the equation is

Hy = 0.2083 (l00/C)'-®% g'-°°

df._-‘ETs's
where: HL = friction head loss, ft per 100 ft of pipe
d = inside diameter of pipe, inches

g = quantity of flow, gpm

C = a dimensionless constant which reflects the
roughness of pipe

Manning Equation

The Manning equation is an empirical expression originally de-
veloped for open-channel flows. However, it can be applied to
full-flow pipe:

ve=_1.486 _../5 c1/2
or
_ 2
H = _4.66668°L

D5l333

Friction Factor

Friction factor (f) can be derived mathematically for laminar
flow, but there is no simple mathematical relation for the varia-
tion of £ with Reynolds Number available for turbulent flow.
Furthermore, Nikuradse and others found that the relative rough-
ness of the pipe (the ratio of the size of surface imperfections
to the pipe inside diameter affects the value of f also.)

(a) For laminar flow, the following equation can be used:

L v? 64 L V?
Lost head = 64 =
vdd2g Rg @ Zg
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Thus, for laminar flow in all pipes for all fluids, the
value of f is

f = 64/Ry (Rg: Reynolds Number)

Rp has a practical maximum value of 2000 for laminar flow.
(b) For turbulent flow, many hydraulicans have endeavored to
evaluate f from the results of their own, and others, ex-
periments.

(1) For turbulent flow in smooth and rough pipes, uni-
versal resistance laws can be derived from:

f = 81,/(pV?) = 8VL/V? (V4: Shear Velocity)

(2) For smooth pipes Blasius suggests, for Reynolds
Numbers between 3000 and 100,000

£ = 0.316/R}"2°

For values of R up to about 3,000,000, Von
Karman's equation modified by Prandtl is:

1//E = 2 log (Rg/E) - 0.8
(3) For rough pipes;
1/vVE = 2 log (rg/e) + 1.74 (e: Roughness)

(4) For all pipes, the most up-to-date correlation of
these factors is expressed in the Colebrook equa-
tion:

1//E = -2 log (k/3.7D + 2.51/RE/E)(k=Relative
Roughness)

This equation is cumbersome and contains too many variables to
be of practical use in the above format. However, the Institution
of Water Engineers (the Manual of British Water Engineering Prac-
tice) has published a nomograph entitled "Universal Pipe Friction
Diagram" based on the work of Prandtl, Von Karman, Nikuradse and
Colebrook. This nomograph is sufficiently accurate for most
practical purposes, and is superior to the Hazen-Williams equation.
Greater accuracy can be achieved by using this nomograph if veloci-
ty (V) is precalculated and plugged into the nomograph together
with the internal pipe diameter (D), instead of using (Q) and the
pipe diameter (D), which has too short a "length of sight" for
accurate alignment.

Loss Coefficients for Various Transitions and Fittings

The loss coefficients for various types of elbows along with a
number of other fittings and flow transitions, are given in
Table 2-1. The primary effect of head loss due to entrances,
bends and other flow transitions is to cause the energy grade line
to drop an amount equal to the head loss produced by that transi-
tion. Generally, this drop will occur over a distance of several
diameters downstream of the transition.

2.11 System Head Curves
The system head curve is represented by a plot of total head

versus system discharge. Such plots are very useful in selecting
pump units. It should be clear that the system head curve will
vary with flow. In addition, the static head may vary as a
result of fluctuating water levels and similar factors. It is
often necessary to plot system-head curves covering the range of
variations in static head.
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Table 2-1. Loss Coefficients For Various Transitions and Fittings

Description Sketch Additional Data KL
Square-edged K, = 0.50
oo—
e w—
Pipe e e e e e e e e =
W
entrances — - d
('{,- t
Rounded: r/4d>0.12 Ko = 0.10
‘ DZ/DI for Ke or KG KE
—f—.‘m— Dl/D2 for Kg:
2, iy A 0.0 0.50 1.00
_L_r"‘_' 0.1 0.49 0.98
Contractions 0.2 0.48 0.94
and hy= Kevi/zg 0.4 0.44 0.71
expansions 0.6 0.32 0.41
P, o 0.7 0.23 0.22
- 0.8 0.15 0.13
—¥, D, 0.9 0.06 0.04
TR |
hL=xEv§/2g
90° miter — R\ Without vanes Kb = 1.1
)
bend
,J With vanes Kp = 0.2
r/d
90° smooth 1 Ky = 0.35
bend 2 0.19
4 0.16
6 0.21
8 0.28
10 0.32
Threaded Globe valve — wide open K, = 10.0
pipe Angle valve — wide open Ky 5.0
fittings Gate valve — wide open Ky = 0.2
Gate valve — half open Kv 5.6
Return bend Kb 2.2
Tee K 1.8
90° elbow Kg 0.9
45° elbow Kb = 0.4
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There are two general types of pumping systems - closed systems
and open systems. For a hydraulic closed system, the system pres-
sure can be changed arbitrarily. These systems usually have a
pressure regulator or a compression tank to control the required
system pressure. An open system has a breaking point in the hy-
draulic line, and requires information on the static pressure
difference between the suction and discharge ends.

In both types of pumping systems, the resistance to fluid flow
because of pipe friction is always there. This resistance is a
function of the square of the flow rate. This relation can be
shown graphically and is normally called a system head curve. (See
Figure 2-10).

h,/h, = (Q,/Q,)"%°
where:

h,
h,

friction head at design flow Q,
friction head at assumed flow Q,

To evaluate system operation, the capacity head curve and the
system head curve are plotted on a common graph. The two curves
will intersect at maximum flow for the sytem. As in Figure 2-10,

a system flow greater than the system operating point cannot occur
since the required system head exceeds the total capacity head.

An open system with more static pressure head on the suction end
of the pump than on the discharge end has static pressure available
to increase system flow. This extra static pressure is illustrated
by shifting the system head curve down by an amount equal to the
static pressure Z in Figure 2-11. If a system has less static
pressure on the suction end than on the discharge end, the amount
of static pressure decreases the system flow. This is graphically
illustrated by shifting the system head curve up by an amount equal
to the static pressure difference between suction and discharge
ends. (See Figure 2-12).

Sometimes estimated friction losses in hydraulic circuits are
adjusted by a control device, causing prediction of pump opera-
tion at a relatively high head. When actual system head losses
are less than the predicted, the actual system head curve is lower
than the predicted curve. Consequently, the actual pump operating
point will shift as shown in Figure 2-13, and power consumption is
increased. This shift in the pump operating point will also in-
crease NPSH requirements and can create noise and mechanical dam-
age to the pumping system.

Example 2-4: What will be the discharge in this water system if
the pump has the characteristics shown in the following graph?
Assume f = 0.015.

Step 1. First write the energy equation from water surface to
water surface:

p,/w+ Vi/2g + Z, + h =P /w+ V§/2g +2Z, +h

P L

- 'y 2
0 +0 + 600 + hp =0+ 0+ 700 + (fL/D + K + Ky, + Kg) V /2g
Here Ke = 0.5, Kb = 0.35, and KE = 1.0. Hence

h 100 + 1/29(Q/A)2{ 0.015(1000) + 0.5 + 0.35 + 1}
1

P

100 + Q%/39.6 (16.85) = 100 ft + 0.43 Q% ft

Step 2. Produce a system head curve:
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Now let us make a table of Q vs. h_ to give values to pro-
duce a system curve which will be plotted with the pump
curve. When the system curve is plotted on the same graph
as the pump curve (dashed line), it is seen that the oper-
ating condition occurs at Q = 1,320 gpm

Q, cfs Q, gpm Q2 fté/sec? 0.43 @? hp = 100 + 0.43 Q2
0 0 0 0 100
1 449 1 0.4 100
2 898 4 1.7 102
3 1344 9 3.9 104
4 1796 16 6.9 107
Elev.= 700 ft 2

1 Elevation=600ft 1,000 ft, 1 ft dia.

— — Elbow
¥ Tomp £0.015 (r/d)
i50
2100 | e — ————
ﬁ System Curve
e
50 L
Pump Curve
3 1 i
o] 500 1000 1500 2000

Q, gonm
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Figure 2-10. Relation Between Pump Performance Curve
and System Characteristic Curve.

Pump Head
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Figure 2-11. shift in System Curve Caused by Higher Static
Head on Suction Side of Pump.
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Figure 2-12. shift in System Curwe Caused by Lower
Static Head on Suction Side of Pump.
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Figure 2-13. The Difference Between Predicted
and Actual System Curve.
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2.12 Optimum Pipe Diameter

Calculation of the most economical, or optimum, pipe diameter
for a given system application is a very complex process. The two
most important items are piping and energy costs. These, in turn,
are dependent upon numerous factors such as pipe size, piping
material costs, fuel or power costs, equipment costs, maintenance
costs and discount rate on capital for energy costs. Figure 2-14
shows in a simplified manner the relationship of pipe size and
pumping cost, and how they combine for total cost.

As pipeline costs increase, the pumping costs decrease. Total
cost is the sum of pipeline and energy costs.

It can be seen that for small pipe diameters, pumping and total
costs decrease rapidly as pipe diameter increases. But as the pipe
size increases, the cost to install each additional unit of pipe
becomes increasingly larger. Also, the cost of pumping begins to
level off as the energy savings for each additional unit of pipe
size decrease. This can be easily understood by superimposing
pumping and pipeline costs on the same graph.

The economical pipe diameter is selected on the basis of fric-
tion losses only, and is not influenced by static head.

Having selected the optimum pipe diameter, the system head curve
should be plotted thead against flow). The static head is the sys-
tem head curve datum at zero flow. If the suction well level is
subjected to seasonal variations which will affect the system head
curve, a parallel curve should be shown for the system head curve
under each set of conditions. Likewise, if the pumps discharge in-
to an elevated tank, with upper and lower level limitations, this
too should be indicated on the system head curve to ensure that
all conditions of pump services are presented.

\
froTaL cosT L‘/

v

~ QF’!?..LFE_E

\5"&-

Diamgter \ S

Figure 2-14. The Optimum Pipe Diameter.

Cost
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CHAPTER 3

PUMP SPECIFICATIONS

Specific Speed

Specific speed correlates pump flow, head and speed at opti-
mum efficiency. It shows the relation of pump impellers to their
geometric similarity. Specific speed is expressed as:

NV/Q
N =
w7
pump specific speed

shaft speed in revolutions per minute, rpm
flow at optimum efficiency, gpm

1]

where: s

N
N
Q

The specific speed of a given impeller is defined as the revo-
lutions per minute for a geometrically similar impeller would runif
it were sized to discharge 1 gpm against a 1 ft. head. Specific
speed is an index of the impeller's shape and characteristics.

Centrifugal pumps are classified into three categories:

® Radial flow
® Mixed flow
® Axial flow

The radial flow impeller develops head basically by the action
of centrifugal force. The axial flow impeller develops most of its
head by the propelling or lifting action of the liquid. There is
a continuous change from the radial flow impeller to the axial
flow impeller. More specifically, centrifugal pumps can also be
classified by physical characteristics relating to the specific
speed range of the design, Figures 3-1 through 3-5. Once the
values for head and capacity are established for a specific appli-
cation, the pump's specific speed range can be determined to
ascertain the selection of a pump with optimal efficiency.

Suction Specific Speed

While specific speed (N_.) is an index number indicating pump
type, the index known as suction specific speed (S) is essentially
a number describing of the suction characteristics of a given im-
peller. It is defined as:

S = rpmy/ Q

NPSHO «75

shaft speed in revolutions per minute
the required NPSH for satisfactory operation in feet
the flow in gallons per minute

where: rpm
NPSH

Q

It should be noted that for double suction impellers, the flow
gpm should be taken as one-half the total flow.

The upper limits of specific speed (Ng) and suction specific
speed (S) are given in Figures 54-57 of the Hydraulic Institute
Standards.

Variable Speeds
Variable speed drives are becoming increasingly popular.
Pump characteristics influenced by pump speed are flow (gpm)
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Figure 3~1. Single suction, Figure 3-2. Single or Figure 3-3. Sin-
horizontal or vertical multistage, double gle or multistage
centrifugal pumps with (illustrated) and and single (il-
narrow port impellers have single suction, volute lustrated) and
low capacities and deliver and diffuser design double suction,
high heads. Specific speed centrifugal pumps de- Francis-type im-
range is 500 to 1000. liver medium capacity pellers, opera-
and medium heads. ting in volute or
Specific speed range is diffusor type
1000 to 2000. casings produce

medium to low
speeds. Specific
speed range is
2000 to 4000.

Figure 3-4. Single or multistage Figure 3-5. Single or multi-
single suction centrifugal pumps, stage pumps with mixed flow
in volute or diffuser-type casings and propeller-type impellers
with mixed flow impellers, deliver have very high capacities and
high capacity at low head. Specific deliver very low heads.

speed range is 4000 to 6000. Specific speed range is 6000

to 10,000.
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varies directly with (rpm); head (ft) varies as the (rpm)?; and
horsepower (bhp) varies as the rpm)?®.

The ability to reduce the rpm is analogous to having an im-
peller of variable diameter.

Controls for variable-speed pumps can be used to vary pump
discharge and maintain a predetermined level, pressure or flow.
Flow control is used to meet a fluctuating demand by varying the
speed of the pumping unit. Sometimes flow control is provided by
throttling. However, it is usually more economical to vary the
pump speed. Speed variation can be provided by magnetic couplings,
hydraulic couplings, wound rotor motors and liquid rheostats, and
variable frequency and voltage controller. Speed adjustments can
be manual or automatic.

Location of Sensing Equipment

The sensing equipment must perform three functions: (1) moni-
tor the system variable; (2) compare the value of the system
variable to the reguired value; and (3) cause the variable-speed
pump to restorethe variable to the required value.

The total system operation for a variable speed pump must be
evaluated at the location where the system variable is being moni-
tored.

When equipment in the system causes a change in flow, the path
of pump operating points will not follow the unaltered system head
curve. An infinite number of new system head curves will occur
when system components cause flow change. For example, a system
requiring a fixed design working head, the path of pump and system
operating points can be predicted once the location of the system
monitoring is known. This path of operation will be controlled by
the location of the monitor, and will affect the operating speeds
and power consumption of the pump.

Figure 3-6 shows a simple system in which flow change is con-
trolled by a valve at the far end of the system. With the valve
in a fixed position, the system head curve for this example, as
shown in Figure 3-7, includes static head (H, ;) and friction head

s
Hg¢ between A and C.

Pressure monitor at the point of entry:

A variable-speed pump with a pressure monitor at the point of
entry to the system, A, will produce a constant total available
head at A for any given system flow. The setting for the pressure
monitor is determined from the following formula:

P1=P2+Hf+Hs

where: P, total available head (in feet) to be maintained at
the pressure monitor
P, = design working head, (in feet)

He friction head (in feet) between monitor and the lo-
cation in the system where P, is to be maintained
H_ = static head (in feet) between the monitor and the

location in the system where P, is to be maintained

In Figure 3-7, P
monitor setting).

As the system flow is throttled, a series of new system head
curves will be produced, as shown in Figure 3-8. System flow will
occur at those points where the system head curves intersect the
available head curve.

, is zero and Pia = Hg + Hgy (the pressure

Pressure monitor at the far end:

Considering the same system with pressure monitor located at
point B in Figure 3-6, the total system head required is still as
shown in Figure 3-7. The pressure to be maintained at the monitor
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is determined from the same formula. Design working head in this
example, P,, is zero, and static head is equal to H, ;. The total
head that must be available at point A to satisfy the monitor at
point B will be equal to the pressure monitor setting, P g, plus
the static head, Hg,, plus the friction head from A to B. This is
shown in Figure 3-9.

As the system flow is throttled, a series of system head
curves will be produced, as shown in Figure 3-10. System flow will
occur at those points where the system head curves intersect the
total available head curve. By comparing Figure 3-8 and 3-10, the
throttling losses are less with the pressure monitor at B than
with the pressure monitor at A for specific values of flow. This
demonstrates that the pump speed should be controlled by the re-
mote pressure sensing equipment.

System Characteristics of Variable-speed Pumps

There is no simple mathematical relationship that can be de-
veloped for computing the interacting characteristics of systems
and variable-speed pumps. The affinity laws, Q, = Q,(H,/H ) '"®%,
are helpful in computing performance for indiviéual variable-
speed pumps.

Determining the precise Q, - H, point on the pump curve
usually requires iterative procedure. For example, the point on
the pump curve of the known speed that produces the required sys-
tem values Q - H; at reduced speed can be determined by calcu-
lating the initial Q, - H, condition as a reference point. This
is done by entering known system conditions Q, - H, and an initial
value of H, in the flow-head formula. The initial value of H, is
taken from the known pump performance curve at system flow, Q,.

By solving the formula for the initial value of Q,, a reference
point for initial Q, - H, is established.

If the initial value of Q, is off the pump curve, a new value
of Q, - H, should enter into the formula. This procedure will
allow generation of a new set of Q, - H, which is close to the pump
curve. A simple mathematical formula used to describe the itera-
tive procedure follows:

Y. =Y, - f(Q2,H2)
i+l i fl(QZ,H'_TZ
where: £(Q,,H,) = a given pump curve
f'(Qz'Hz) = slope of a given pump curve
Y;,, = a nev set of Q, - H,
Y. = an old set of Q, - H,

1

Convergence will be noticeably fast if the reference point for
initial Q, - H, on the pump curve is close to the precise point.

A simple triangular process recommended by pump manufacturers
can also be used to determine the precise Q, - H, point on the
pump curve. This is simply done by connecting the initial values
of Q, -~ H, with required system condition Q, - H,, an intersection
peint with the known pump curve is obtained. This intersection
point becomes the approximate Q, - H, value that will, at reduced
operating speed, produce system condition Q, - H,. The triangular
procedure is illustrated in Figure 3-11.

Q, -~ H, point on equally sized variable-speed pumps operating
in parallel:

In a parallel pumping system, where system flow is divided
equally by all pumps, the procedure is similar to that for a single
pump system, except that system flow (Q,) must be divided by the
number of pumps operation (n). Figure 3-12 shows the triangular
process for a system containing two equally sized pumps operating
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in parallel.

The flow and head developed by unequally sized variable-speed
pumps operating in parallel:

When pumps are selected to share unequal portions of the
total system flow, the individual pump flow-head formula must be
rearranged to Q, = Q, (H,/H, )!+85, This arrangement is important
since the flow from each pump under a selected system flow (Q ) is
unknown. To determine the flow and head contributed by unequally
sized variable~speed pumps, one must solve the basic triangular
process for system flow (Q,) on the combined pump characteristic
curve (see Figure 3-13). The intersection point on the combined
pump curve establishes the H, value for the individual pump. By
using the formula Q, = Q, (H|/H,)'*®%, individual pump flow for
the system operation at Q, can then be determined.

o] Total Available Total System
o ead Head Curves
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3.4 Affinity Laws

3.5

Affinity laws describe the relationships between head, capa-
city, brake horse power and impeller diameter of a given pump. The
first law states the performance data of constant impeller diameter
with change of speed. The second law assumes the performance data
of constant speed with change in diameter of the impeller. These
laws are written as follows:
Law 1.

QI/QZ= Nl/N2 H /H

1 2

2 2
N2 /N bhp /bhp,

N3/N3

Law 2.
Q,/Q,= D,/D, H,/H,= D3/D? bhp, /bhp,

3 3
D,/D,

The nomenclature for the equations is Q = capacity; H = head;
N = speed; D = impeller diameter; and bhp = brake horsepower.
Thus:

Q,= gpm at N, or D, Q,= gpm at N, or D,

H,= head at N, or D, H,= head at N, or D,

bhp,= brake horsepower bhp,= brake horsepower at N, or D,
at N, or D,

Law 1 can be used for common types of pumps, including hori-
zontal centrifugal-type fire pumps and vertical turbine fire pumps.
Law 2 can be applied to centrifugal pumps with reasonably close
agreement between calculated and tested performance data. For ex-
ample, the data in Table 3-1 illustrate a projection of pump
performance from 1760 rpm to 1450 rpm. The subscript 2 is designa-
ted for the calculated performance and subscript 1 for the values
selected from the 1760 rpm pump curve.

Table 3-1
A Projection of Pump Performance Data
Tabulated Calculated
Performance Data Performance Data
from 1760 rpm curve for 1450 rpm Operation
Q, H, Eff bhp, Q, H, Eff, bhp,

1000 184 61 76.2 824 125 61 42.6
1500 175 76 87.2 1236 119 76 48.9
2000 166 84 99.8 1648 113 84 56.0
2500 151 86 110.8 2060 103 86 62.3
3000 128 82 118.3 2478 87 82 66 .4
3250 110 73 123.7 2678 75 73 69.5

Performance Curves

A typical pump performance curve describes head, horsepower,
efficiency, and the net positive suction head required for proper
pump operation. Pump performance can be shown as a single line
curve describing one impeller diameter (Figures 3-14 to 3-17), or
as multiple curves for the performance of several impeller diame-
ters in one casing (Figure 3-18).

Drooping Head/Continually Rising Head

Drooping head characteristics are those in which the head at
zero flow is less than the head developed at some duty-point flow.
Continually rising head characteristics are those in which the head
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rises continually as the flow is gradually reduced to zero. Dis-
continuous head characteristics are those in which a specific head
is developed by the pump at more than one given flow rate. Many
pumps in the high specific speed ranges offer these character-
istics.

Steep Head/Flat Head

There 1s a common classification of centrifugal pumps into
steep head flat head curved pumps, which refers to the shape of
the head/capacity curve as shown in Figure 3-15. Flat head curved
pumps are frequently used for closed circuit systems, because large
changes in pump capacity result in a small change in head. Steep
head curved pumps are often selected for open circuit systems, be-
cause a change in head has a minimum effect on capacity.

If the pump is designed for a low head duty, an axial-flow
impeller can be used. The pump exhibits a steep-head curve and
may operate safely over its entire head/capacity curve (Fig-
ure 3-16). When pumps are used in water boosting system a differ-
ently designed impeller, called radial blade, is used to develop
the required head. The head/capacity curve is typically "flat"
rather than "steep."

Such pumps have both a maximum and minimum safe-flow limit.
If operated beyond its maximum safe-flow limit, the pump enters a
high-flow low-head cavitation area. In this area, the pump gener-
ates disturbing noises that can be transmitted throughout the
entire piping system. The destructive cavitation will also pro-
duce extra bearing load and sharply increased shaft deflection.

On the other hand, if this pump is operated below its recommended
low flow limit, it enters an area of low-flow hydraulic turbulance.
This is also destructive and produces disturbing noises (Fig-

ure 3-17).

Continuous, Discontinuous and Peaking Horsepower Characteristics

Low specific speed pumps with continually increasing horse-
power characteristics are those pumps that the horsepower increases
at flows greater than the best efficiency point, and decreases at
flows to the left of the best efficiency point. For those medium
specific speed pumps with peaking horsepower characteristics, the
maximum horsepower occurs in the best efficiency point region and
decreases at all other values of flow. Discontinuous horsepower
characteristics are those pumps with high specific speeds. The
horsepower increases at flows less than BEP and decreases with
flow to the right of BEP. The discontinuity usually occurs at the
lower flow region.

Efficiency

_ It should be noted that one horse power is defined as being
equivalent to 33,000 ft. lb./min. In Figure 3-19, the pump curve
illustrates that gpm can be converted to a liguid flow rate ex-
p;esged in 1lb./min. The pump increases the energy head of the
liquid by the amount shown as ft. head. The consequent ft. lb./min
relationship shown by the capacity curve is then:

ft. 1b _ gal. 8.33 1b
~—min ft. head x min. X —gar—

Ft. lb/min..can be converted to HP since one HP equals to
33,000 ft. 1lb./min. The power into the water (water horsepower or
WHP) can be calculated as below:

WHP = ft. hd. x gal. 4 8.33 lb. 4 HP
min. —gar. — X R . min

ft. hd. x gpm
3,960
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Figure 3-14.
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The pump has bearing friction and internal slip losses, mean-
ing that more power must be put into the pump than is delivered
to the water.

Pump efficiency (Ep) is WHP divided by BHP. This allow deri-
vation of the final BHP relationships:

Bgp = WHP - ft. hd. X gpm
Ep 3,960 x Ej

Figure 3-19 also shows an important pump power basic; pump
BHP will decrease at shut-off or low flow to about 50% of BHP draw
at the pump best efficiency point (BEP).

Most pump casings allow usage of different pump impeller di-
ameters. Each different impeller will provide a different pump
capacity curve. The usual published pump curve is then an illus-
tration of the various curves associated with specific impeller
diameters. Efficiency and BHP curves are cross-plotted across
the pump curves as shown in Figure 3-20.

Pump efficiency varies with pump size. Large pumps are more
efficient than smaller pumps. Figure 3-21 shows "average" or
generalized 3500 rpm pump efficiency at BEP, referenced to gpm and
ft. hd. It should be noted that "design" pump efficiency in-
creases with increased flow specification and with decreased head
specification.

The horsepower at the output shaft of the prime mover for a
variable-speed pump is obtained by dividing the pump brake horse-
power by both the prime mover efficiency and the variable-speed
drive efficiency.

When making variable speed pump brake horsepower calculations,
it is necessary to know the equivalent point on the full speed
characteristic curve which equates to the required system flow and
head, since the efficiency at the equivalent point will reoccur at
the reduced flow and head condition. The reduced pump operating
speed necessary to satisfy the system flow and head can be pro-
jected from the affinity law derivation.

Packing
Advantages of using pump packing are:

® Inexpensive
® Easy installation
® Lasy replacement without taking the pump apart

Disadvantages of using pump packing are:

® Requires some liquid leakage
® Causes shaft sleeve wear

® Requires periodic maintenance
® Incurs some horsepower loss

Packing is a compression type of seal. It is compressed by
the packing grand which moves outward and inward to physically
contact with the packing box and shaft sleeve (See Figure 3-22).
As the shaft rotates, the packing cannot be compressed so tightly
as to eliminate all leakage. In fact, small leakage is needed to
insure proper packing lubrication to prevent burning out the pack-
ing and wearing the shaft sleeve. In spite of this lubrication,
the packing will still wear and shrink, thereby requiring timely
maintenance to tighten the packing gland and control the leakage
rate.

For packing lubrication in a suction lift pump, it is neces-
sary to facilitate a by-pass tubing between the pump casing and
the packing box to insure a supply of clean liquid to the entire
area between the packing and shaft sleeve. The tubing allows
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Figure 3-20. Efficiency and BHP Curves.
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clean liquid to enter the lantern ring, which distributes it uni-
formly around the shaft. This clean ligquid is then forced

through the gap between the packing and shaft sleeve by pump pres-
sure. This by-pass system prevents air from being drawn into the
pump through the packing gland.

When large amounts of abrasive materials are involved, pump
by-pass tubing is replaced by an external source of clear, clean
liquid. This will prevent abrasive materials from entering the
packing box and greatly prolongs packing life. When an external
source of liquid is supplied, the supply pressure must be higher
than pump pressure to insure liquid supply to the inner packing.

Various types and constructions of packing are available for
pump application. Manufacturers usually provide a general ser-
vice type packing, which operates satisfactorily for water service
up to 250°F. Some liquids require special packing. Therefore,
engineers should consult with manufacturers, and indicate the
liquid being pumped, the liquid temperature, the duty point and
the pump suction pressure.

Mechanical Seals
Disadvantages of using mechanical seals are:

® Seals are more expensive
® Seals are easily damaged
® Seals require disassembly of the pump for replacement

Advantages of using mechanical seals are:

® Seals eliminate leakage

® Seals require no periodic maintenance
® Seals eliminate shaft sleeve wear

e Seals prevent product contamination
® Seals can handle higher temperatures

To apply a mechanical seal in a pumping system satisfactorily,
it must perform two minimum operating requirements. First, it
must act as a check valve to keep liquid from escaping from the
pumping system when suction pressure is below atmospheric pres-
sure. The mechanical seal, in this situation, also prevents air
from entering the pump shaft. Second, it must function as a
bearing slider to accommodate the rotating and stationary members.

Figure 3-23 illustrates the components of a typical pump
mechanical seal. The seal prevents leakage in three areas. The
bellows prevents leakage between the seal and the pump shaft; the
seat O-ring prevents leakage between the seat and pump bracket;
the mechanical seal between the rotating and stationary members
prevents leakage at the interface between the rotating washer and
stationary seat.

The stationary seat is sometimes installed with a cup (see
Figure 3-24) rather than with an O-ring. The cup offers more con-
tact surface around the stationary seat and also acts as an in-
sulator preventing heat dissipation from the seat through the
adjacent material. For this reason, the stationary seat with an
O-ring mounting is superior for pumps used for hot temperature
service.

The spring which holds the two sealing faces together under a
predetermined pressure is designed to insure against leakage.
Distance A in Figure 3-23 must be controlled to insure the proper
spring compression. If distance A is too long, the spring force
will be reduced automatically and permit the faces to pull apart
and leak. If distance A is too short, the spring will be com-
pressed, resulting a high pressure between the faces, causing ex-
cessive seal wear and eventual failure.

The spring acts only to hold the seal faces together. It
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does not drive the rotating seal assembly. The bellows fit snug-
ly between the shaft and drive ring. The drive ring is fitted
with the retainer, and the carbon washer is fitted to the re-
tainer in a similar manner. As the shaft rotates, it drives the
carbon washer through this assembly of rubber bellows, driving
ring and retainer.

System pressure and the spring hold the washer and seat to-
gether. System pressure acts against the seal cage and bellows
from the spring side, and against the carbon washer through the
interface and retainer OD. See Figure 3-25. Figure 3-25 shows
that system pressure exerts force upon an area on the spring
side, which is greater than the area on the carbon washer.
Therefore, system pressure holds the carbon washer and seat to-
gether more tightly as pressure increases.

The system pressure will, sometimes, increase to a point
where the washer and seat are pushed together so tightly that a
suitable lubricant cannot reach the interface. Seal failure
eventually will occur. For this reason, balanced mechanical
seals are furnished for pressures above 200 psi, as shown in
Figure 3-26. The contact area of the retainer and bellows on
the spring side is approximately equal to the area of the carbon
seat side of the rotating element. This will eventually minimize
pressure force from pushing the washer and seat together too
tightly.

When a pump is in operation, a relative motion between the
carbon washer and the stationary seat exists. It is therefore
imperative to have the mechanical seal functioning as a bearing
slider. 1If lubrication is not provided between these two faces,
friction will cause excessive wear, resulting in rapid failure.
For this reason, care must be taken to insure that a fresh,
clean fluid is delivered to the seal faces.

Care must also be taken to insure that no air is trapped
around the outside diameter of the seal faces. This can be done
by using some by-passing arrangement, as shown in Figure 3-27 to
continually supply fresh liquid to the seal interface area. This
by-pass arrangement prevents excessive temperature increase in
the seal cavity water due to friction of the rubbing seal faces,
as well as air binding.

Most design engineers feel that a seal permits no leakage.
In actual application some leakage always get through the faces
to insure proper lubrication. Often, a little oxidation can be
noted outside the box near the shaft after a long period of time,
as evidence of this slight leakage.

Pumping Abrasive Solutions

Mechanical seals can be successfully applied in systems con-
taining chromate treatments up to 2000 ppm. Standard seal
construction may be utilized up to 1250 ppm. Beyond that point,
tungsten carbide stationary seals must be used.

When a mechanical seal is used in an abrasive system, a by-
pass tubing should be installed between the pump casing and the
seal chamber, as shown in Figure 3-27. This by-pass tubing
maintains a steady supply of liquid to wash the seal interface
area. The washing action keeps the light abrasive particles
from settling around the seal interfaces. This will eventually
prolong seal life.

In a closed system, where neither loss nor make-up of water
is allowed, mechanical seals are superior to packing.

Iron and Iron Oxide

The main reason for seal failures is the existence of iron
filings or black iron oxide in the pumping system. Iron filings
are small particles of pipe threads or pipe materials which are
broken off during pump installation or operation. It is imper-
ative that a new system be cleaned to remove these particles.
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The seal cavity is like a collection box for any particles left
over in the system. These particles at the seal face grind away
the carbon washer, resulting in premature failure.

Sometimes the iron particles are difficult to remove from
the pumping system. In such cases, the seal by-pass tubing
should be passed through an abrasive separator to remove the
filings.

Iron oxide is an oxidation product of all steel or iron
components in a system. This black material may fill the entire
seal area, decreasing the flexibility of seal as well as the seal
faces. Proper water treatment prevents this oxidation process.
While the water treatment itself may introduce some abrasive
materials to the system, the treatment is still superior to the
formation of black iron oxide.

Most Engineers believe that iron filings and iron oxides are
the main cause of premature seal failure. This has been con-
firmed by water analyses from systems causing seal failures in
the field. Four out of five water samples sent in for testing
were loaded with iron or iron oxide particles.

In the hydronic industry, almost all pumps are equipped with
mechanical seals. Packing is used for cooling tower pumps, which
uses part of the tower reclaimed water piped through the packing
box to lubricate the packing. Most pumps, however, still are
equipped with mechanical seals.

Packing
Insert

Sd\ 7 \\\\\ | ey

Washer

Figure 3-22. Pump sealed by packing.
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3.9 Noise and Vibration Control
The following items are some of the major sources of noise
in pumps employed in plumbing systems:

Unbalanced Motors

Pulsation of the air mass flow from electric fans

Pulsation of the magnetic field in the electric motor
Motor/gear/pump journal and thrust bearings

Contacting of the components in parallel-shaft and epicyclic
gears

Unbalance of the pump impeller

Pulsation in the pumps

Cavitation caused by the vaporization of the fluid and the sub-
sequent rapid collapse of the vapor bubbles adds considerable
impulsive high-frequency noise to the overall system. Im-
pellers constructed with open-grain material will disintegrate
because of the implosion effect of cavitation

Noise Control

Some of the possible modifications which the plumbing
engineer might consider in order to reduce the noise output from
the system are as follows:

® Gear box - a silencing enclosure or cladding should be provided

e Motor fan - a silencer should be provided at the air inlet and
outlet or, if possible, the design should be modified

® Motor rotor - the number of slots should be changed or, if pos-
sible, its design should be modified

e Pump and pump bearings - sleeve type should be employed

e Pump operation - the pump should be operated near design flow
conditions in order to achieve the correct system matching

® Pump impeller blades - the clearance between the tip of the im-
peller and cut water should be increased

® Impeller and guide-vane tips -~ should be dressed in order to
reduce the thickness and intensity of the trailing wakes

® Out of balance - should be balanced to the fine limits

® Cavitation - the suction characteristics of the installation/
system should be improved

Vibration Control

Adequate criteria should be established for pump vibration to
assure that there are no excessive forces which must be isolated
or which will adversely affect the performance or the life span of
the pumping equipment. There are many ways to develop pump vibra-
tion criteria. A simple, but satisfactory, approach would be to
use the criteria which have been developed on the basis of the
experience of persons and firms involved with vibration-testing
of mechanical equipment in the building construction industry.

When providing vibration isolation for any pumping system or
component, the engineer must consider and treat all possible vi-
bration-transmission paths that may by-pass the primary vibration
isolator. Flexible connectors are commonly used in piping and
electrical cable connecting between isolated and unisolated pump-
ing systems and components.

Concrete based are preferred for all floor-mounted pumps.
It is common practice to isolate a pump in a manner similar to
that illustrated in Figure 3-28.
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3.10 Water Hammer Control

The physical parameters of a hydraulic system such as length,
diameter, materials and thickness of pipe, the head, quantity of
flow and friction losses can all be established from the design.
Information on valves, pumps, or equipment characteristics can be
obtained from manufacturers easily. Thus, there remains only the
application of some fundamental principles to come up with the
solution of a water hammer problem.

Typical examples are given in the following:

Example 3-1: If the initial water velocity in a rigid pipe
is 5 ft/sec and if the initial pressure is 40
psi, what maximum pressure will result with
rapid closure of a valve in the pipe? Assume

- o
Tt = 60~F

Solution: c =kK/p
h = pV,C

where: K = bulk modulus of water = 3.2x10° psi o
p = density of water = 1.94 slugs/ft® at 60 F
C = velocity of pressure wave
Vo= water velocity = 5 ft/sec
h = pressure rises
c =vk/p = _320,000 x 144 = 4,800 ft/sec
1.94

Therefore: h = pV,C = 1.94x5x4,800 = 46,560 psf=323 psi

The maximum pressure is the initial pressure plus the pres-
sure change, which is

Ppax = 40 + 323 = 363 psi

CONCRETE INERTIA
LOCK BASE
BRACE PIPE ELBOW
TO PUMFP BASE
HOUSEKEEPING

PAD \\\\

RECOMMENDED

/SPRING MOUNT

Figure 3-28. Vibration Isolation of Flexible-Coupled,
Horizontally-Split Centrifugal Pumps.
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Example 3-2: If the pipe in Example 1 leads from the source
and is 3,800 ft. long, what is maximum time of
closure for the generation of the maximum pres-
sure of 363 psi

Solution: Te = 2L/€
where: To = maximum time of closure (critical time)
to produce maximum pressure
L = length of pipe = 3,800 ft
C = velocity of pressure wave = 4,800 ft/sec
T, = 2x3,800/4,800 = 1.58 sec.

As indicated by Example 1, water hammer pressures can be
quite large. Therefore, engineers must design hydraulic systems
to keep the pressure within acceptable design limits.

Water Hammer in Pumping Systems

The major categorydeals with pumping systems connected to
long discharge lines calling for water from the supply source to
the discharge end. The regular sequence of pumping and stopping
the pump station can be adjusted by timing the control valves,
particularly the check valves on the pumping units, to a safe flow
rate. This will limit pressure rises to a minimum.

Electric motors are most commonly used as the driving forces
of a pump. It is called an emergency when the power supply is
shut down. Power supply to the pump unit is cut off abruptly, the
water column continues to flow along the pipes, comes to rest
under the influence of inertial force and finally reverses its
direction of flow. If no check valves are present in the line,
the water column will reverse and drive the pump backward at a
runaway speed. Pressure rises during this critical moment are
affected by the pump characteristics and the hydraulics of the
pipe line.

If some automatic type of check valve is installed, its clo-
sure time becomes critical, particularly if it is closed too
rapidly. If the outward flow is cut off before the water column
comes at rest, there is a tendency to generate a vacuum on the
line, separating the water column followed by a regrouping of the
column, and the corresponding instantaneous water hammer is thus
produced.

If the flow is cut off at the zero flow, as with most swing
check or tilting disc check valves, a surge equivalent to the
downward surge generated by the tripping off the pumping unit
would be produced.

If the valve is closed after the flow has reversed and
reached some backward velocity, the rate of closure must be con-
sidered in relation to the pump characteristics, and to the safe
flow at which such reverse flow can be tolerated.

There are many different approaches to the problem, and there
is no single solution to water hammer problems, nor is there one
well-designed valve that will totally eliminate all surges.

Water Hammer Control

Often, manufacturers do not recognize major changes in de-
sign practice or the progress of the art. Manufacturers should
keep abreast of technical developments so their product will re-
flect the knowledge gained from experience and provide new methods
for solving problems. Operating groups within the water works
industry must pass their valuable experiences to manufacturers
with the performance of device and obtain reliable information on
whether or not the device is adequate for the service.

There are many types of water hammer control devices offered
to the industry. They generally fall in the following categories:
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® Relief valves actuated by overpressure

e Valves on pumping systems which open rapidly and close
slowly to act as relief valves

® Controlled timing check valves and controlled timing
regulating valves

e Air chambers installed either at the pumping station or at

other points on the system

Surge tanks (could be in the form of stand pipes)

The use of reverse operating characteristics of pumping

units to act as relief valves

® Spring loaded check valves of various types mounted on the
discharge of pumping units

3.11 Drives

Electric Motors

When applying an electric motor, the following characteris-
tics are important: (1) Mechanical arrangement, including
position of motor and shaft, type of bearing, portibility desired,
drive connection, mounting and space limitations; (2) desired
speed range; (3) power requirement; (4) torque; (5) inertia;

(6) starting frequency:; and (7) ventilation requirements. Motor
characteristics frequently used are generally presented in curve
form.

The majority of pumps are driven by squirrel cage induction
motors. Synchronous motors are also used for larger horsepowers,
particularly if power factor correction is important. Wound
motors are normally used for variable-speed drives. Reduced vol-
tage starting and low inrush current motors are used for higher
horsepower requirements, where a reduction in voltage at starting
would adversely affect other users. 1In the selection of low in-
rush current motors, it is important to ensure the starting torque
developed by the motor at its full speed is in excess of the tor-
que requirements of the pump; if not, an overheat condition will
occur. Water-cooled motors are quieter and offer advantages in
larger horsepower applications where building air ventilation is
reguired.

Engines

If electric power is unreliable or expensive, and environmen-
tal problems such as noise, vibration, space and maintenance are
acceptable, the use of engines should be considered. Following
are some of the selection parameters for any engine-driven system:

® Exhaust pipes or lines must be vented out-of-doors

® Noise levels must be acceptable to OSHA standards

® Cooling towers should be sized to handle the engine heat re-
jection. Exact figures for engine heat rejection should be
obtained from the manufacturer. Towers should be oversized 30%
in areas where the wet bulb temperature is 78°F or less. 1In
areas with higher design temperature, towers should be over-
sized 40%

® Gaseous-fuel engines are physically larger than diesel engines
with the same power output

If a pumping system is designed to operate on a continuous
basis, it is better to operate an engine at a lower speed and in-
stall a gear chain to increase the speed to meet the pump require-
ments. If a stand-by pump is only required to operate during peak
demand or during a power failure, then a higher speed engine
should be used.

The various types and makes of engines as well as the speed
and horsepower ratings of engines are extremely critical with re-
gard to maintenance. Slow-speed units with higher capital cost
and low maintenance costs, as compared to higher-speed units with
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3.12

low capital cost and high maintenance costs, can be determined
only after a detailed cost analysis for each specific applica-
tion has been made.

It is wise to choose a diesel rather than a gasoline or
natural gas engine, if an engine-driven pump is required to start
immediately during the electric power failure. Although the
capital cost of the diesel engine is much higher than the gas
engines, they are easier to start and more reliable. A well-
maintained diesel engine will start immediately on the first try.
Furthermore, a diesel engine will take full load almost immedi-
ately, while a gasoline engine needs to operate at its normal
operating temperature.

Thrusts

Water initially enters a pump in an upward direction and is
forced radially outward by the pump impeller. This change in the
direction of flow pattern results in an upthrust which uplifts
the pump shaft. As soon as the pump develops head, the upthrust
diminishes and a downthrust develops. The magnitude of the down-
thrust is a function of discharge head and impeller areas. In
the selection of a pump driver, whether it be an electric motor
or a gear drive from an engine, it is essential to ensure the
thrust bearings have .adequate capacity to absorb the thrusts in-
volved,and a reasonable life span under normal usage conditions.

Motor Efficiency

The most important factors affecting motor efficiency are:
sizing of the motor to the load, type of motor specified, motor
design speed, and type of bearing specified. Oversizing the
motor to the load results in poor efficiency. The type of motor
specified is significant in selection of the "high-efficiency."
For example, the lower the locked rotor torque specified for
polyphase motors, the higher the obtainable design efficiency.
Higher speed induction motors are inherently more efficient, as
are ball bearings with rolling friction compared to sleeve bear-
ings with sliding friction.

Total power required to drive a three-phase motor is a
function of both efficiency and power factor. The formula is:

KVA = .7461x.hp
Efficiency x Power Factor

The value of KVA which is the total power required to drive
the motor will increase as both motor efficiency and power factor
fall. For example, a typical 20 hp "high-efficiency" motor
would be two percentage points higher in efficiency than a
"standard" motor. This same high-efficiency motor might have a
higher power factor of six percentage points. In larger sizes,
the high efficiency and standard units approach each other in
both efficiency and power factor. (See Figures 3-29 and 3-30).
As shown, a "high-efficiency" motor primarily has an improved
power factor.

The use of "high-efficiency" motors will eventually be
helpful in any pumping systems design. But more emphasis should
be placed on proper pump sizing and selection. Any motor,
whether it is high efficiency or standard NEMA-type will have a
lower power factor at reduced load. For example, a 25 hp motor
at 40% reduced load will have an efficiency of 0.82 and a power
factor of 0.55, as it compares to a full load efficiency of 0.86
and a full load power factor of 0.80. Furthermore, most of the
time, the pump will operate at low flow. The pump performance
curve will indicate that this motor will only draw 10 hp at
reduced load. If a 15 hp pump motor combination was selected
for this application, the reduced load efficiency would be 0.86
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and the corresponding power factor would be 0.68. 1In this situa-
tion, the "high-efficiency"” motor with lower cost can be reached.
Figure 3-31 illustrates a plot of power factor and more effi-
ciency at various loads.
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CHAPTER 4

TYPES OF PUMPS

4.1 Principles of Operation

The two major components of a centrifugal pump are a impeller
and the casing in which it rotates (Figure 4-1). The pump operates
by converting kinetic energy to velocity and pressure energy.

Power from the driver is transmitted directly to the pump through
the shaft, rotating the impeller at high speeds. This driver can
be an electric motor, internal combustion engine or a steam tur-

bine.

Centrifugal pumps used in plumbing systems are classified, on
the basis of internal casing design, as volute or regenerative
(turbine). On the basis of the main direction of discharge of
liquid, impellers are classified as radial, axial or mixed flow.
Other means of classification are: casing design (vertical or hor-
izontal split case); axis of shaft rotation (vertical, horizontal
or inclined); direction of pump suction or discharge (side, top or
bottom) ; number of impellers or stages (single- or multistage):;
type of coupling of motor to pump (close-coupled or flexible
coupled base-mounted); position of the pump in relation to the
liquid supply (wet- or dry-pit mounted or in-line); and pump ser-
vice (water, sewage, corrosive chemical, slurries, etc.).

DISCHARGE
OUTLET

VOLUTE PUMP
IMPFLLER EYE

lmseller with
N Vanes
x;gg) (Regularty Spaced)

Fp = ﬂ:-o! N (H2)

Pressure Pulse
at the instant
of generation

Discharge ‘Volute Tongue (Cutwater)

Figure 4-1. A Volute Casing and
Impeller.
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4.2 Horizontal Volute Pumps

The volute centrifugal pump is probably the most freguently
specified by plumbing designers. Liquid entering at the eye of the
impeller is thrown to the periphery in a progressively widening
spiral casing, creating a partial vacuum and causing more liquid
to flow.

As the pumped liquid spreads within the casing (gradually re-
ducing in velocity), conversion of the velocity into pressure head
results. Both turbulence and recirculation are reduced as the
number of impeller vanes is increased.

The effect of reduced flow recirculation is to increase the
developed head. The blade tip angle, however, has a profound
effect on the centrifugal pump's characteristics. Enclosed im-
pellers generate head between the two rotating impeller shrouds and
one stationary casing wall. Open impellers generate head between
two stationary casing walls.

A single-suction pump used one or several single-suction im-
pellers; a double-suction pump used one or several double-suction
impellers.

Most double-suction pumps have horizontally split casings,
while single-suction pumps primarily have vertically split
casings. One obvious advantage of horizontally split casings is
they can be disassembled for service without removing the lower
half from the piping.

An enclosed impeller (Figure 4-2) has several surfaces, rela-
tively uncritical, and original efficiencies can be maintained over
most of its useful life. Conversely, open or semi-open impellers
(Figure 4-2), require close clearances between rotating vanes and
the adjacent casing wall.

Wear in these conditions results in increased clearances,
greater leakage losses and lower efficiencies. Open impellers are
used in pumps discharging liquid containing suspended solids.

Figure 4-4 illustrates an end suction, single-stage, single-
suction volute pump with an enclosed impeller. 1Its bearing must be
designed to withstand axial and radial thrust resulting from un-
balanced hydraulic pressures on the impeller.

Figure 4-5 illustrates a typical double-suction volute pump.
It is normally operated at pressures and volumes higher than the
single-suction volute. This is because the liquid is supplied from
identical suction chambers located at each impeller side, substan-
tially reducing hydraulic unbalance. Double-suction pumps, by
virtue of lower velocities at the eye of the pump, may have advan-
tageous lower net positive suction-head requirements.

The horizontal shaft, single-stage, double-suction volute pump
(Figure 4-6) is the type most commonly applied to fire protection
or commercial use. With these pumps, water flow from the suction
inlet in the casing divides and enters the impeller from each side
through an opening called the "eye."

Impeller rotation drives water by centrifugal force from the
eye to the rim and through the casing volute to the pump discharge
outlet. The kinetic energy acquired by water in its passage
through the impeller is converted to pressure energy by gradual
velocity reduction in the volute.

Some vertically split pumps must be removed from the piping
system before they can be disassembled, but most of the vertically
split case end suction pumps are available with a back-pullout de-
sign. This allows for removing the pumps from service without dis-
turbing the piping or the pump body.

One of the ways that internal recirculation is reduced(or ef-
ficiency increased) is by the use of casing seal (or wearing)
rings, either renewable or permanent. Worn renewable wearing rings
can be readily replaced, restoring original internal pump clear-
ances.

Permanent wearing rings cannot be replaced, and original
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Figure 4-2. Illus-
tration of an
enclosed impeller.

Figure 4-3. Illustration
of Open Impeller.

Figure 4-4. Typical end
suction, single-stage
and single-suction volute

pump.

v
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Figure 4-5. Typical
double-suction volute

pump.
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clearances can be restored only by machining the worn surfaces and
installing replaceable rings; renewing worn surfaces by building
them up by welding and re-machining; or replacing the impeller, the
casing or both.

Replacement is the usual practice with the smaller, less
costly pumps. Also, wearing rings are not used with open impel-
lers, where close clearances between exposed vanes and the casing
wall provide the required seal. Thus, open impellers are replaced
when they become worn.

Table 4-1 shows the operating ranges of some common single-
stage volute centrifugal pumps. For heads in excess of 500 feet
(152.4 m), when operating at 3500 rpm, multistage pumps are re-
quired. Figure 4-7 illustrates a typical multistage volute
centrifugal pump with horizontally split case and enclosed impel-
lers.

Table 4-1. Operating ranges for common centrifugal pumps

Serv

Head, feet**(m) Operating temperature,CF***(°C)

ice* Impeller Rpm (30.5)(61)(91.4)(93.3)(204.4)(315.6) (426.7) (537.8)
100 200 300 200 400 600 800 1000

Gene

Gene

Gene

1 1 1 1 | I | I T
ral Open 3500

ral Closed 3500

ral Open 1750

General Closed 1750
Moderate Closed 1750
3500 ———
Heavy-
duty Closed i%gg
*All pumps are single-stage, single-suction designs. Medium-duty and
heavy duty service pumps are both end-suction and top-suction pumps.
All pumps have packed stuffing boxes.
**Heads taken at the best efficiency point.
**kRey Operating ranges for cast-iron, bronze and ductile-

iron pumps.
~--=-- Operating range extensions with alloy pumps.
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Figure 4-6. A Horizontal Shaft Single-
Stage Centrifugal Pump,
With Cutaway View of Pump.

Figure 4-7. Typical Multistage
Pump With Horizontally
Split Case.
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Figure 4-8 illustrates a single-suction vertically split
case multistage pump. Its mechanical seal is under suction pres-
sure, allowing the pump to operate at a higher discharge pressure
using a standard mechanical seal.

Figure 4-8. Typical Multistage Pump With Vertically
Split Case.

Multistage Pumps

In order to give high pressure, two or more impellers and
casings can be assembled on one shaft as a single unit, forming a
multistage pump. Discharge from the first stage enters the suction
of the second, and so on. Pump capacity is the rating in gallons
per minute of one stage; the pressure rating is the sum of the in-
dividual stage's pressure ratings, minus a small head loss.

Multistage centrifugal pumps may use single- or double-suction
impellers. Single-suction impellers are hydraulically unbalanced
and, when used in multistage pumps, have equal numbers of nozzles
discharging in opposite directions. Since double-suction impellers
are not subject to hydraulic unbalance, they are not so limited.

Volute centrifugal pumps may be frame-~ or cradle-mounted, or
close-coupled. In frame-mounted pumps, the motor drive is con-
nected to the pump shaft through a flexible coupling (see Fig-
ure 4-7).

In close-coupled pumps (See Figure 4-9), the impeller is
mounted directly on the motor shaft. However, cradle-mounted units
with oil-lubricated bearings must be used horizontally. Although
use of close-coupled pumps virtually eliminates alignment problems,
their service is limited by temperature. The motor on frame~-
mounted pumps can be changed and repaired without breaking into the
piping.
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4.4

Multistage Diffuser Pumps

The multistage diffuser pump essentially escapes both ends of
the trap. It has the same head curve as the typical in-line cir-
culator, except that it can develop high head pressures. It
sqgueezes off with virtually no low-flow hydraulic turbulence at
the same time that its diffuser construction chokes off potential-
ly dangerous high-flow rates. This keeps it out of destructive
cavitation.

An example of this pump-type is the industrial vertical tur-
bine pump equipped with mounting barrel and floor flange. It may
also be equipped with a single mechanical shaft seal, replaceable
without removing pump or motor. Solidly coupled, typically to a
vertical hollow-shaft motor, this pump can be standardly built to
develop head pressures in excess of 500 psi. Its cost level is
about the same as a conventional two-stage horizontal split-case
pump.

For modest duty, multistage diffuser pumps are available at
relatively low costs in a horizontal design for either 1750 or
3500 rpm operation. Generally, a higher speed is more economical
in first cost and is physically smaller in size, since impeller
diameter for a given duty 1is much smaller.

In-line Pumps

In-line centrifugal pumps (Figure 4-10) often are used in
plumbing services. They are available in capacities up to 1000
gpm (63.1L/s) at 450 feet (137.2 m) of head, and in a wide range
of construction materials.

Initial and installation costs are approximately 30 to 40 per-
cent lower than comparable conventional volute pumps since they
require less space, need no permanent foundation and are easily
maintained.

The in-line pump consists of a flanged head mounted directly
in the piping, usually with a close-coupled drive positioned above

Figure 4-9. Typical Close-
Coupled Pump.
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the pump casing. Although smaller in-line pumps, similar to (Fig-
ure 4-11), are often mounted directly in horizontal or vertical
piping, larger pumps usually require a rest plate to prevent undue
strain on the piping (Figure 4-10). For this reason, larger pumps
are usually mounted in the vertical position.

The simplicity of the connection between the drive and pump
(four to eight studs) permits rapid disassembly. To repair the
pump, the studs are merely loosened and the entire motor-impeller
unit is lifted clear of the pump casing. As piping remains intact
and realignment is unnecessary on reassembly, downtime is minimal.

Figure 4-10. Typical Figure 4-11. Typical In~line
In-line Pump (Larger (Smaller Unit).
Unit).

4.6 Sewage Pumps

Sewage pumps are designed to transport liquid-solid mixtures
without clogging, and are usually equipped with large suction and
discharge ports free of obstructions (See Figure 4-12).

Non-clogging pumps usually are equipped with single- or two-
port impellers designed to pass materials that would otherwise
build up and clog other pump types. The impellers have rounded
edges and large vane clearances.

Narrow repelling vanes on the outer shroud operate to dislodge
solids caught between the shroud and the casing wall. The shaft is
usually kept clear of the suction port and chamber to avoid clog-
ging prior to reaching the impeller eye. End clearance impeller
and casing wearing rings are usually provided to maintain optimum
clearance for efficient operation.

Grinder Pumps

A grinder pump is a special class of sewage pump with an out-
standing solids handling capability. This capability is achieved
by incorporating an integral inline grinder as a part of the pump-
ing machinery. The grinder pump is capable of handling both normal
sewage solids and a wide variety of foreign objects often found in
sewage.

By reducing the solids to tiny particles, the pump's passages
and discharge piping can be much smaller than conventional sizes.
This results in a higher efficiency and makes possible a high head,
low flow pump for residential applications using 1 HP (745.7W)

Pump



Types of Pumps 4-9

motors. Since the piping is smaller, scouring velocities are
achieved at much lower rates.

Grinder pumps are applicable in completely pressurized sewage
collection systems, as well as in lifting sewage from a residence
into a nearby gravity sewer at a higher elevation. Grinder pumps
are available as both semi-positive displacement (screw) pumps and
modified centrifugals.

Centrifugal grinder pumps are made with steep characteristic
curves. Since parallel operation of centrifugal pumps into a
common pressure header may drive some of them to heads above shut-
off, pumps with a nearly vertical curve should be specified for
such system applications.

The positive displacement pump discharges at a nearly constant
rate, even over extremely wide fluctuations in head. This means
that a single-model pump can work equally well anywhere in a com-
plex system. Its performance is predictable and consistent,
whether it operates alone at a particular moment, or sharing the
pipeline with several other pumps.

The key factor in pipe sizing for pressure sewer systems is
the design flow. This is based on a maximum number of pumps oper-
ating simultaneously. Based on mathematical analysis and empirical
relations, the recommended design flows have been developed for a
pressure sewer system using positive displacement pumps. These
flows are shown in Table 4-2 for various numbers of pumps con-
nected.

Table 4-2. Maximum number of grinder pump cores
operating daily

Number of Maximum daily number
grinder pump of grinder pump cores
cores connected operating simultaneously

1 1
2 - 3 2
4 - 9 3
10 - 18 4
19 - 30 5
31 - 50 6
51 - 80 7
81 - 113 8
114 - 146 9
147 - 179 10
180 - 212 11
213 - 245 12
246 - 278 13
279 - 311 14
312 -~ 344 15

Design Flow = Maximum number of pumps running simul-
taneously x 11 gallons per minute (0.69 liters per
second) .

4.8 Vertical Pit~Mounted Pumps
Vertical volute pump impellers discharge radially and hori-
zontally against that casing section known as the bowl. The
resulting pressure forces liquid up the vertical discharge column.
The pumping chamber of the wet-pit mounted pump is located
below the liquid supply level, with the discharge line usually
elevated to floor or grade level in duplex configuration (Fig-
ure 4-13). Bottom suction units are most common, but side suction
units are also available.
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4.9

Figure 4-12. Typical
Sewage Pump.

By contrast, the pumping chamber of dry-pit mounted vertical
volute pumps is located above the liquid supply level (Figure 4-14).

Some vertical pumps have cantilevered-impeller shafts to avoid
support problems with bearings, bushings and sleeves. Shafts are
supported by two points at their top, with the remainder of the
shaft running completely free. The shaft must be large in diameter
and short, to prevent excessive vibration, rarely extending more
than 6 or 7 feet (1.8 or 2.1 m) below the bottom outboard steady
bearing. For greater lengths, center support bearings are placed
at approximately 4 feet (1.2 m).

In some wet-pit installations, long shafts can be avoided by
using a close-coupled, totally submersible motor located beneath
the pump chamber (Figure 4-15). The motors are filled with either
0il or water.

0il-filled units have hermetically-sealed stator windings and
a pressure-equalizing diaphragm to compensate for expansion and
contraction under varying temperatures. A mechanical seal pre-
vents solid particles from entering the motors area. 0il-filled
motors are completely isolated from the pumped liquid.

A double mechanical seal assembly prevents oil from leaking
out or foreign material from entering the motor. A moisture sen-
sor probe indicates seal failure. Submersible motor volute pumps
require less space at ground level and use less power than compar-
able long shaft units.

Regenerative Pumps

In a regenerative pump (commonly called a turbine-type pump),
the liquid does not discharge freely from the tip (Figure 4-16).
Instead, it circulates back to a lower point on the impeller di-
ameter and recirculates several times before leaving the impeller.
This recirculation enables these pumps to develop heads several
times that of volute pumps with the same impeller diameter and
speed.

Because of the close clearances between the impeller and cas-
ing, only clear liquids can be pumped. Regenerative turbine-type
pumps are also available in multistage units, in capacities from 1
to 200 gpm (0.06 to 12.6L/s). Single-stage units generate heads
up to 500 feet (152.4 m); multistage units (e.g., 5-stage) can gen-
erate heads up to 2500 feet (762 m).
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Figure 4-13. Typical Wet-pit-mounted Vertical
Pump.

Figure 4-14. Typical Figure 4-15. Typical
Dry-pit-mounted Submersible Pump.
Vertical Pump.
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Vertical turbine pumps may be water or oil lubricated. The
drive shaft of water lubricated units is located directly in the
path of the discharged process liquid which lubricates the shaft
bushings, packing and stabilizers. This pump type is used for
raising water to the surface from deep wells and is often called
a deep-well pump (Figure 4-17).

Water lubricated pumps are prone to wear at the shaft packing
and bushings. When used with abrasive or corrosive liquids, the
pump will be subject to excessive maintenance problems, and oil-
lubricated pumps are used for the latter service. However, these
pumps tend to contaminate the fluid being pumped.

In oil-lubricated pumps, a tube enclosing the drive shaft is
filled with o0il for the bushings and sleeves. Thus, the internal
parts do not come into contact with the liquid pumped.

0il and water lubricated vertical deep-well pumps often use a
screen or strainer in the suction line to prevent clogging. To
permit satisfactory solids disengagement, the screen area should be
about four times the eye area of the impeller.

A short version of the vertical turbine pump, sometimes called
the short coupled pot pump (similar to Figure 4-18), is often
mounted in a sump with the motor above the ground. It is used
widely in fire protection systems, industrial waste handling,
pipe line booster services and for pumping water from lakes or
slumps.

Figure 4-16. Typical Regenera- Figure 4-17.
tive (Turbine Type) Pump. Typical Ver-
tical Turbine.
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4.10

4.11

Figure 4-18.
Typical Pot
Type Turbine.

High Pressure Service Pumps

Single-stage pumps can be designed for high pressure service
(i.e. fire or booster service) by increasing the impeller diameter
or the rated speed. Both these methods offer certain undersirable
features. The larger diameter pumps may be less efficient, and
high speed pumps may not readily be matched to the driver.

To give high pressures, two or more impellers and casings can
be assembled on one shaft as a single unit, forming a multistage
pump. Output of each prior stage becomes the input to the next
stage, so that the heads generated by each impeller are culmula-
tive.

The pump capacity is the rating in gallons per minute of one
stage; the pressure rating is the sum of the pressure ratings of
the individual stages, minus a small head loss.

Both horizontal and vertical multistage pumps can be devel-
oped for high pressure service.

Fire Pumps

Fire pumps often are used to supplement supplies available
from public mains, gravity tanks, reservoirs, pressure tanks or
other sources.

The first modern fire pumps were the wheel-and-crank recip-
rocating-type, belt-driven from mill machinery. If plant
operations were stopped during a fire, the pump could not operate.
At best, these pumps were inadequate.

Better water supplies became necessary as automatic sprinkler
systems became more common, and mill pumps were replaced by rotary
displacement pumps driven by friction forces from the horizontal
water wheels supplying power to the plant. As steam supplanted
water power, the reciprocating driven pump was adopted for fire
protection.

For many years the Underwriter duplex, double-acting, direct
steam-driven pump was universally accepted as the "standard" fire
pump.

Today the centrifugal fire pump is standard. 1Its compact-
ness, reliability, easy maintenance, hydraulic characteristics
and a variety of available drivers (electric motors, steam tur-
bines and internal combustion engines) made the Underwriter pump
obsolete, although not entirely extinct.
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An outstanding feature of a horizontal or vertical centri-
fugal pump is the relationship of discharge to pressure at
constant speed, causing pressure head to increase and discharge
flow to reduce. With displacement pumps, however, the rated
capacity can be maintained against any head if the power is ade-
quate to rotate the pump at rated speed and if the pump, fittings
and piping can withstand the pressure.

Horizontal and vertical fire pumps are available with capa-
cities up to 5,000 gpm. Pressure ratings range from 200 psi for
horizontal pumps and 75 to 280 psi for vertical turbine pumps. It
is anticipated larger capacity fire pumps will be listed in the
future.

The size of a horizontal centrifugal pump is generally the
diameter of the discharge outlet. However, it is sometimes in-
dicated by both suction and discharge pipe flange diameters. The
"size" of a vertical turbine pump (Figure 4-19) is the diameter
of the pump column.
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Figure 4-19. A Vertical Turbine Fire Pump.
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These are fire pumps taking suction from the public water
mains, industrial systems or power penstocks. (In a mechanical
sense, all pumps are booster pumps.) As a prelude to installa-
tion, available fire flow in the area is obtained by testing.

Full overload capacity of the pump plus probable flow drain
from hydrants in the area by the fire department are calculated.
The pressure in the water mains should not be allowed to drop be-
low 20 psi. Head rating of the pump should be sufficient to meet
all pipe friction in the connection, plus pressure demand.

Vertical turbine-type pumps were originally designed to pump
water from bored wells. As fire pumps, they are recommended in
instances where horizontal pumps operate with suction lift. An
outstanding feature of vertical pumps is their ability to operate
without priming. (See the NFPA Pumps Standard for required sub-
mergence) .

Vertical pumps may be used to pump from streams, ponds, wet
pits, etc., as well as to booster service. Suction from wells is
not recommended for fire service, although it is acceptable if
the adequacy and reliability of the well is established, and the
entire installation is made in conformance with the NFPA Fire
Pump Standard.

In many instances, the cost of a deep well fire pump instal-
lation is prohibitive, especially if the pumping level at maximum
rate is more than 50 ft below ground level (200 feet is the lim-
it.)

If the yield from a reliable well is too small to supply a
standard fire pump, low capacity well pumps can be used fill con-
ventional ground level tanks or reservoirs for the fire pump
supply.

A typical vertical fire pump consists essentially of a motor
head or right-angle gear drive, a column pump and discharge fit-
ting, an open or enclose drive shaft, a bowl assembly (containing
the impellers), and a suction strainer.

The principle of operation is comparable to a multistage hor-
izontal centrifugal pump. Except for shutoff pressure, the
characteristic curve is the same as for horizontal pumps.

Vertical pumps have the same standard capacity ratings as
horizontal fire pumps. Pressure ratings are not standardized. By
changing the number of stages and the impeller diameters or both,
the pump manufacturer can provide a specific total head at rated
speeds.

For electrically driven pumps, hollow shaft motors are used.
Diesel engines or steam turbines can be used by means of right
angle gear heads.

Prefabricated Systems

Water pressure boosting systems are available in either
knockdown (field erected) or completely prefabricated. Knockdown
systems require the contractor mount equipment, pipe the system
and install controls. This can add up to considerable piping and
wiring.

The prefabricated system is a substantial convenience to
everyone, especially if the system is tested after fabrication.
Testing should include a complete running test with actual suction
and discharge pressures set at the factory. All alarm conditions
should be simulated.

Where the manufacturer has the facility to plot the system
pressure versus flow rates, the designer or owner can get a visu-
al print-out of the exact performance of the system. This com-
plete test is to the advantage of the manufacturer as well as the
contractor, designer and owner.

Should any on-site conditions indicate an improper perfor-
mance, the problem should be readily diagnosed and corrected by
minor adjustments.

The prefabricated system is advantageous from an operational
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point of view. The installed cost is usually less. Assembly is
done by experienced technicians. Furthermore, almost without ex-
ception, the prefabricated system will require less floor space
than will a knockdown-type system.

Prefabricated systems also enable the mechanical contractor
to minimize his involvement with other building trades. In other
words, the electrician only needs to bring power to the control
panel before the system can be operational.

4.13 Modified Centrifugals Used in WFI Systems

A standard, commercially available, sanitary designed centri-
fugal pump can be modified for use in water for injection systems.
Additional design requirements must be incorporated to provide
specialized requisites for pharmaceutical applications, i.e.,
provisions for sterilization by in-place steam sterilization.
The pump and seal must be designed to permit full penetration of
steam under pressure to achieve and maintain sterilizing condi-
tions. Condensate must be removed from pockets which require
revisions of the standard design. The volute casing was modified
to provide drainage by welding a sanitary fitting to the lowest
point of the volute casing. Seal flush piping was designed to
permit drainage. (See Figure 4-20).

.‘-;_,E’/" < {

Figure 4-20. A Specially Modified Sanitary Centrifugal Pump
Used For WFI Systems.
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CHAPTER 5

WATER PRESSURE BOOSTING SYSTEMS AND COMPONENTS

INTRODUCTION

The water pressure boosting system is one of the most compli-
cated parts of a building's plumbing system. In light of the
little information available, the designer is faced with many de-
cisions attempting to apply those commercially available items to
design the water pressure boosting system.

In an attempt to offer a cohesive document that points out
the key aspects to consider in making this design selection, the
following discussion is presented to list some of the choices that
the designer has, as well as some of the fundamental problems that
the designer must consider prior to designing or specifying.

Primary Equipment

The typical pump-motor unit of water pressure boosting systems
can be classified into three categories:

e Constant speed motors and pumps

® Constant speed motors and variable speed pumps

e Variable speed motors and pumps

Constant speed motor and pump units include those utilizing
close-coupled pumps or frame-mounted flexible-coupled pumps. The
close-coupled configuration can be either the standard horizontal
arrangement with an end-suction centrifugal or vertical-mounted
end-suction centrifugal (i.e. a vertical inline.) Frame-mounted
flexible~coupled units include end-suction centrifugal frame-type
pumps or split-case double-suction frame-type pumps. The split-
case can be furnished either the horizontal shaft arrangement or a
vertical shaft arrangement. The vertical multi-stage diffuser-type
pump and motor are independent but are rigidly coupled.

The constant-speed motors with variable-speed pump units nor-
mally utilize the frame-mounted pumps and a variable-speed drive.
The most popular of these is the fluid coupling unit. The vari-
able-speed motor and pump units usually utilize frame-type pumps
and a high-slip variable-speed motor.

The constant-speed motor and pump unit offers the most
efficient operating assembly because there is not energy lost in
the driving mechanism. Generally, the other choices are made in
order to gain control of the discharge pressure and flow.

Centrifugal Vs. Diffuser Impeller Pumps

The centrifugal impeller has inherent limitations, but it is
generally the less expensive unit. The centrifugal impeller is
basically the same regardless of what type mounting and shafting
arrangement is selected. Closed-coupled pumps mount the impeller
directly to the motor shaft and the shaft and bearings take the
shaft loads generated by the impeller. The frame-mounted end-
suction utilizes the standard foot-mounted or vertical-mounted
motor and the frame contains the pump shaft and bearings. This
eventually eliminates the need for the motor to withstand the pump
thrust lcading, but it adds a separate set of bearings that must be
maintained. It also creates the problem of maintaining coupling
alignment. The split-case double-suction pump gains the advantage
of lower axial shaft loading but adds significantly to the cost of
the pumping unit.

Multi-stage diffuser-type pumps are primarily used in the ver-
tical configuration. The pump discharge head acts as a motor stand
with a register fit allowing the coupling alignment to be held
closely. The coupling can be bolted or threaded directly to the
motor shaft. The diffuser-type pump is a modified centrifugal with
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significant differences.

To allow operation at higher speeds, the impeller diameters
are smaller for selection used in booster systems. Pumps are usu-
ally furnished with multiple stages, and each stage includes a
diffuser which smoothly diverts water to the next stage. The bear-
ings are water lubricated and require no maintenance. Pumps can
operate at reduced flows because of a close dimension between
bearings. Mechanical seal can be repaired easily without pump
disassembly or motor removal. (See Figure 5-1).

Figure 5-1.
Vertical Multi-
Stage Diffuser
Pump With Hollow
shaft Motor.
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5.4

Sizing

The most widely used sizing technique for water pressure
boosting systems has been the calculation of fixture units and
graphs or charts which relate fixture units versus flow rate in
gallons per minute. This curve is called Hunter's curve, and it
is accepted in many model codes as the basic criterion for esti-
mating flow rate.

Almost every practicing engineer realizes that Hunter's curve
is grossly oversized for the usual office building, apartment
building, or hospital; but in the absence of current information a
designer is reluctant to select pumping equipment with less capa-
city than is shown on this curve, Many studies have been made,
but the results of these studies have never been put into a
nationally accepted code which engineers can point to as a new in-
dustry standard. A new design guide or standard should be devel-
oped through extensive testing by independent industry committees
or non-profit research organizations.

After the total flow rate has been estabplished, the designer
must establish a capacity for each pump in the pumping system. As
a general practice, the designers will select either a three-pump
system with a small lead pump or a two-pump system with a device
to shut down operations during periods of low flow. Apartment
buildings, nursing homes, office buildings, sports complexes,
schools, factories, etc., often experience periods of low flow.
However, hospitals and larage hotel/motel complexes are less likely
to have these lona periods of low flow,

If a three-pump system is selected, the designer has to choose
the pump "splits." The most popular split is 20/40/40, depending
on whether or not to have some standby capacity. If a two-pump
system is selected, the split is usually 65/65. For the systems
that require the utmost in economy, the split is 50/50. After the
split has been determined, it becomes a relatively simple process
to select the pumps to meet the design capacity. In head calcu-
lations, consideration must be given to static head, friction loss,
and pressure required at the highest outlet fixture. After the
total discharge pressure or system pressure is calculated, the
suction pressure must be deducted to get the boost required by the
pumping system.

Pressure Control

The typical pressure controls used on water pressure boosting
systems are variable-speed devices and pressure regulating valves.

The concept of variable speed is to increase or decrease the
speed of the pump impeller to maintain a constant discharge pres-
sure at varying flow rates. Figure 5-2 illustrates the result of
varying speed in pump discharge pressure and flow. In general, the
steeper the pump curve the more advantage there is in varying the
pump speed and maintaining a constant system pressure to save
horsepower. Variable-speed systems are normally using a centrifu-
gal-type pump, and the shape of the centrifugal curve will only
allow for minor variation in speed. (A more steeply sloping curve
would result from a significant variation in speed.) Variable-speed
pump selections rarely allow more than a ten percent variation of
pump speed while maintaining system pressure at constant suction.

Pressure regqulating valves on the discharge of each pump pro-
vides a simple way for maintaining constant system pressure. A
guality regulating valve can be very dependable and operate for
many years while maintaining a constant system pressure. As pump
discharge pressure varies, the control valve modulates to maintain
system pressure.
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Figure 5-2.

A globe pattern valve with a soft seat for tight shut-off is
a typical regulating device called a pilot-operated pressure-regu-
lating valve (see Figure 5-3). A small amount of water is
diverted from the inlet into the diaphragm chamber, as well as
through the pilot regulator. The pilot will allow more water
to enter the discharge, and therefore less to the diaphragm which
opens the valve. 1If less water is required, the pilot diverts
less to the discharge and the valve closes.

System Location

Typically, a water pressure boosting system is located in the
mechanical room of a building's basement. However, location in
other parts of the building should be considered if there are ad-
vantages.

Normally, suction pressures can accommodate the lower floors
of a building. 1In the case of a motel complex, this can mean a
substantial savings in water pressure boosting equipment because
the major water-using equipment is normally located on the lower
floors. Even if the booster system must be located in the base-
ment, a separate supply line can be used to feed these heavy water-
using fixtures. The boosted water is then simply expressed to the
first floor, where the boosted pressure is required.

Hot and cold water pressure should be equalized in a building.
Therefore, it is necessary to carefully consider hot water aspects
when locating the booster system. The hot water storage tank can
be a lower design pressure vessel if located on the top of a build-
ing, but power or gas/steam lines might be more costly.

Several methods can be used to get water to the regquired
floors in high-rise buildings. Expert advice is usually available
to the engineer in arriving at the method most suited for a
particular job. Equipment costs, energy requirements and future
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maintenance costs can vary considerably with different systems.

In extremely tall buildings, zoning of domestic water usually
is advantageous. Here, a portion of the building's boosted water
can be expressed to a specific zone to be served. Or, a lower
pressure booster system can supply a second system located at some
higher elevation.

Pressure regulating valves can then be installed at each
floor, or group of floors, as required. Regulators at each floor
offer the best in regulations, and subject only one floor to the
possibility of inconvenience if maintenance or repair requires
shutdown of the water supply.

Flow Sequencing

Several types of flow sequencing devices are utilized in water
pressure booster systems. These include pressure transducers,
pressure switches, current sensing relays, flow switches, time
clocks and component combinations.

As long as system pressure is being maintained by the pump(s)
currently in operation, there is no reason to bring an additional
pump on line. Only when operational equipment has reached its
safe flow capacity should additional pumps be programmed on.

A pressure transducer is normally used with a variable speed
system. It monitors system pressure and varies the pump speed in
response to changes in flow or demand. Normally it increases the
speed of the lead pump to its limit. When pressure falls below
system requirements, it locks the lead pump on line and brings on
the next pump.

A disadvantage of this method is that the system demand will
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have already exceeded the lead pump capacity and allowed system
pressure to drop slightly before another pump is brought on line.

If demand continues to increase, a further drop in system
pressure will occur as the second pump comes up to speed. Add to
this the inherent momentum of a rotating assembly, and it can be
seen that variable speed pressure transducers result in variable
system pressures due to hunting on the pump impeller curve.

If suction pressure increases, the flow may reach a point that
causes the pump to cavitate or overload the motor. The pressure
variations during this type of sequencing are less severe with flat
head-capacity curve pumps and with gradual changes in flow require-
ments. Smaller capacity units normally produce the greatest
pressure swings when using transducer sequencing.

Sequencing employing pressure switches to maintain control
must also permit variations in system pressure. This is because
each pressure switch must maintain a differential to prevent short
cycling. In addition, minimum run timers must be used. Pumps run,
sometimes, even when not required by the system.

Another approach to pressure switch sequencing is to bring
the additional pump on with a drop in pressure and shut it off
with a flow switch. This is a complicated approach made more dif-
ficult by varying suction pressures.

Sensing Relays

Current sensing relays monitor current draw to the motor in
service and bring another pump on line when draw has reached a
pre-determined maximum. This device includes a coil that pulls in
a relay when current reaches a preset point. After the relay is
energized, a time delay relay must keep the added pump on line to
avoid short cycling. The device also can have a dash-pot to pre-
vent current surges from energizing the relay.

Since all motors have slightly different characteristics, and
incoming voltages vary, current sensing devices are quite sensitive
and should be finely tuned under actual load conditions for good
operation. Any variation in incoming voltage can have a substained
effect on motor amperage draw. This can result in pumps running
unnecessarily, or losses in system pressure. A 10 percent varia-
tion in incoming voltage results in a 25 percent change in the
pump sequencing point (Figure 5-4).

A dependable flow switch is the best method for sequencing
pumps. Since this device directly monitors pump flow in the pipe,
it is a simple mechanism to bring another pump on line when the
flow reaches the limits of the pump(s) currently running. A switch
should have a differential or time delay relay to prevent unwanted
pump cycling. Flow switches can be the paddle-type, or the pri-
mary element and visual readout type. The latter is usually a
rotometer and orifice plate arrangement. The orifice plate cre-
ates a differential pressure that by-passes water to a tapered
tube containing a floating indicator. As the indicator reaches a
predetermined point, additional pumps are brought on line to
handle the flow., The orifice plate and rotometer arrangement re-
guire time clocks to prevent short-cyling.

Low Flow

Excessive amounts of energy are wasted by domestic booster
systems if pumps are permitted to run when the flow is small or
non-existent. A building with periods of low flow should prompt
the designer to consider devices that allow the pump system to
shut down completely. Such devices include hydro-pneumatic tanks,
HydroCumulator tanks and low flow controls. Since no plumbing sys-
tem is without some leakage, any device that stops all pumping
equipment without a storage provision for water under pressure
should not be considered.
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Motor Sizing

A typical centrifugal impeller requires greater current draw
as the impeller passed its best efficiency point to the right of
the curve. The motor should, therefore, be sized for the maximum
draw of the impeller noted on the curve. Of course, non-overload-
ing type impellers may be selected so that the horsepower draw is
maximum prior to reaching the maximum flow and minimum head on
the pump curve. Vertical turbine type pumps are typical of the
non-overloading design in which their horsepower normally at a
peak near the best efficiency point. Open drip-proof motors are
entirely adequate for most water booster applications. Even out-
door installations do not normally require totally enclosed
motors. It should be remembered that totally enclosed motors do
not have the 15 percent service factor found in open units.

The designer may choose vertical hollow shaft motors or ver-
tical solid shaft motors for vertical multi-stage diffuser pumps.
Each type is available with the high thrust bearings. One con-
sideration for using the hollow shaft motor is that the hollow
shaft design enables simple adjustment of impellers and easy seal
maintenance without the use of expensive spacer type couplings
and higher motor stands.

System Controls

The basic control components, including starters, overload
blocks, and control circuit transformers, should be a part of the
package furnished by the booster system manufacturer. Other con-~
trols that should be considered are as follows:

1. Individual pump disconnect switches
Through the door disconnects installed in the control
panel supplied by the pump manufacturer enable mainte-
nance personnel to completely isolate any one pump,
while allowing the system to continue to supply water to
the building.

2, Low suction pressure shutdown
This is usually a pressure switch, or a float switch in
the case of break tank installations. As the name sug-
gests, it prevents the pump from running and destroying
itself should there be insufficient water in the suction
manifold. A low suction pressure shutdown is usually re-
quired by plumbing codes.

3. Low system pressure switch
This device monitors system pressure, and should low
pressure be detected, would bring another pump on the
line by by-passing the normal pump sequencing controls.
A low system pressure switch should require a manual reset
to alert maintenance personnel of the problem.

4. High system pressure switch
This device also monitors system pressure. Should the
pressure rise beyond a predetermined point, it would shut
down all pumping equipment. When system pressure falls,
the low system pressure switch should bring on the lag
pump to maintain system pressure.

5. Control power switch
This is a simple on-off or key operated on-off power
switch, usually furnished with a light to indicate to
operating personnel that the system is powered.

6. Pump running lights
These are convenient for maintenance personnel and indi-
cate that the pump is receiving power.

7. Alarm
Any alarm condition should be signaled to operating per-
sonnel via an audio-visual system. An excellent method
of signaling alarm is to sound the audible alarm for any
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condition, and energize a light to indicate the specific condi-
tion. An alarm silencing button should be used to silence the
horn and a separate button to reset the device. Some alarm con-
ditions should not be automatically reset since they could create
problems in the plumbing system.

High suction pressure by-pass

This device should be used when suction pressure rises to a pres-
sure high enough to accommodate the building without further
boosting. A pressure switch senses suction pressure. Should
pressure rise and remain high for a predetermined time, the com-
plete system would then be shut down and water bypassed directly
to the discharge manifold, under control through the pressure reg-
ulating devices.

Other controls

Running time totalizers, strip chart recorders, voltage and amper-
age meters, are all devices that can be used in water pressure
boosting systems. They can give the owner good input information
to determine the true conditions in his system.

System Head Curves and Areas

Evaluation of pumping requirements for plumbing systems usu-
ally consists of determining maximum pump capacity and head. Often
pumps are selected without consideration of operation at minimum
or part-load conditions.

Proper selection of pumping equipment requires development
of a system head curve, which is defined as the pump head required
by a water system (of any type or use) from minimum to maximum
flow.

The system head curve usually is parabolic in form, increas-
ing from minimum to maximum flow and head. The system head curve
consists of independent and friction heads. Independent head is
the actual increase in elevation, the true static head difference
and, on closed systems, includes the difference between residual
pressure at the end of the system and supply pressure. Friction
head includes losses in piping, pipe fittings, valves, meters and
back flow preventers.

There are five distinctly different pumping systems used in
public buildings. These five systems are shown in Figures 5-6,
5-7, 5-8, 5-9 and 5-10. The Type 1 system consists of 1lifting
water out of a sump, or receiver, to a sewer at a higher eleva-
tion. (See Figure 5-6.)

Typical applications are sewage ejectors and storm or under-
ground water pumps that lift water from a basement into a storm
sewer. The system's total head consists of the static head (the
difference between the water level in the sump and the level of
the connection to the sewer), plus the piping friction from the
sump to the sewer.

The Type 2 system shown in Figure 5-7 is similar to the Type
1l system in that water is lifted from a reservoir or tank into
another tank. 1In this case, water is delivered to fixtures be-
tween the pump and the upper tank, making this system typical of
potable water in a building with a suction tank or reservoir and
a roof tank. It is also typical of an industrial plant where
water is pumped from a ground storage tank to an elevated tank.
The system head curve consists of the static elevation between
the suction tank and the elevated tank, plus piping friction.

The Type 3 system shown in Figure 5-8 is similar in that
water is pumped from a suction tank or reservoir into a potable
water system. However, there is not a roof tank and a minimum
pressure is maintained at the top of the building or at the end of
the potable water system. This system is typical of a potable
water system in a public building with a suction tank, or an in-
dustrial water plant, taking water from a ground storage tank and
and pumping it throughout a building complex. The system head
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curve consists of static elevation between the top building fix-
ture and the suction tank, plus the delivery pressure at the top
of the building and piping friction.

The Type 4 system in Figure 5-9 represents a potable water
system for a high rise building receiving water from a city water
main. A roof tank is provided for storage or fire fighting pur-
poses. The system head curve consists of independent head (static
head minus city water main pressure) and friction head, including
head losses in the water meter, backflow preventer and piping.

The Type 5 system shown in Figure 5-10 consists of potable
water being pumped from a city water main through a water meter
and backflow preventer into a building containing no major storage
tanks. A minimum pressure is maintained at the top of the build-
ing or at the end of the main. This system is typical of potable
water systems in public buildings or industrial plants that re-
ceive water from city mains. The system head curve consists of
the static head difference between the city water main and the
top of the building, or the end of the building water system plus
the difference between the pressure required at the top of the
building and the minimum water main pressure and the friction in
the water meter, backflow preventer and piping.

It is obvious from the five examples of public building
plumbing systems that the system head curve is not the same for
all installations. For each of these systems, the generation and
demonstration of the system head curve should be reviewed for
different building types.

Figure 5-11 describes a classical system head curve with uni-
form flow in the water systems. Uniform flow means all fixtures
in the system are flowing water at the same percentage of design
flow. It is imperative that uniform flow is stressed in the de-
velopment of the system head curve. It will be demonstrated later
that nonuniform flow causes a system head area or band to be gen-
erated, not a simple curve. As shown in Figure 5-11, a system
head curve consists of an independent head plus a friction head.
The independent head is the building's static head or system plus
any difference between a minimum supply pressure at the highest
fixture and water supply pressure in a city main.

Friction head varies with water flow in the system. Inde-
pendent head varies separately from the system flow and is subject
to other conditions, such as elevation of water in tanks or supply
water pressure in the city water mains. Friction head is caused
by resistance to flow in piping and equipment. It increases as
flow increases and decreases when flow subsides. The Williams-
Hazen formula, extensively used for calculating pipe friction,
demonstrates that flow varies to the 1.85 power of system flow.

Formula 5-1 illustrates this:

H, = H, x (0,/Q,)'+8*

H, is the head at any system flow (Q,) and H, is the head
at the design flow (Q,) for the building.

The system head curve shown in Figure 5-11 is useful in gen-
erating a means to indicate the approximate head for a pumping
system at any given system flow. In actuality, very seldom does
uniform flow occur in a water system. Rather, non-uniform flow
occurs most of the time and generates a system head band or area
as shown in Figure 5-12.

If the loads are active near the pumps, the actual friction
head will be less than that shown by the uniform head curve.
Likewise, if the loads are active far from the pumps, the friction
will be greater than that of the uniform system head curve. It
is easy to prove the existence of an area or band (See Fig-
ure 5-12) by developing friction in the system as various loads
are added or subtracted. The system head area concept was dis-



Water Pressure Boosting Systems and Components

TYPE 1 SYSTEM
I /— SEWER
N4

STATIC HEAD FRICTION IN PIPING

PUMP

Typical Applications:
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Figure 5-6. Type 1 System
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TYPE 2 SYSTEM

ROOF TANK OR
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Figure 5-7. Type 2 System
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Figure 5-8. Type 3 System
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TYPE 4 SYSTEM
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Figure 5-9. Type 4 System
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TYPE SYSTEM
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—

FRICTION N PIPING

STATIC HEAD
f~® TO FIXTURES

PUMP

BACKFLOW PREVENTER
METER

CITY WATER MAIN WITH
MINIMUM AND MAXIMUM PRESSURE

Typical Application:

1. Potable Water in Building Receiving Water from City Water Main
2. Industrial Plant Receiving Water from a City Water Main

Figure 5-10. Type 5 System
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covered originally in municipal water systems where a great vari-
ation in loads occurs at different elevations, causing a broad
band of pressure requirements by the pumps.
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Figure 5-11. Classical System Head Curve
(Uniform Flow in Water System)
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Fijure 5-12, System Head Band Caused by Non-Uniform
Flow in Building

A variation in the system head curve can also be caused by a
fluctuating water supply pressure that changes the independent
head and, therefore, raises and lowers the uniform system head
curve. This system head area or band is shown in Figure 5-13. A
variation in the independent head, along with nonuniform flow in
a building, can result in a system head area as shown in Fig-

ure 5-14.

This description of system head curves and areas will be ap-
plied to typical buildings after a review is made of pumps and
their head-capacity curves. Generally it is believed that steep
curved pumps are superior to flat curve pumps on potable water
systems for public buildings, particularly on high rise installa-
tions. 1In actuality, the steep curve pump is an inefficient pump
when compared to a flat curve pump. Figure 5-15 describes this
inefficiency. The shaded area in this figure represents the ener-
gy wasted or lost by using a steep instead of a flat curved pump.
Rather than assuming that a steep curved pump always is needed,
pumps with a rising characteristic to shutoff or no-flow condition
should be used, not one with a looping or falling characteristic
whereby maximum pump pressure exists at some point other than at
the no-flow or shutoff condition.

In the past, a steep pump curve has been selected to provide
pressure for pumping hydropneumatic or diaphragm tanks in

building basements.

This is a terribly inefficient method of pro-

viding storage water for a public building. The kw per 1000
gallons of water pumped is extremely high, and can be as much as
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Figure 5-13. System Head Band Caused by Variation in
Water Supply Pressure

twice that for normal pumping conditions in the building.

This leads to another misconception that the hydropneumatic
or diaphragm tank should be located in the basement for providing
low~flow conditions that occur at night. Again, the hydropneumat-
ic tank should not be located in the basement, but should be
installed at the highest point in the system to provide the most
efficient means of water storage for low-flow conditions. The
tank located on top of the building can provide twice as much
storage at 25 to 50 percent of the cost of the basement tank. No
advantage is achieved by locating the tank in the basement. Like-
wise, the tank should be sized to serve low-flow conditions in the
building, rather than on some nebulous leakage rate that may exist
in the building at night. Actual tank size is contingent on the
characteristics of the system itself, For example, the tank size
for a hospital building will differ than that for a public office
building. Another advantage of installing the tank at the top of
the building is that the tank acts as an excellent shock absorber
for removing shock loads caused by solenoid valves on washers or
on make-up lines to cooling towers.

The pump type selected for a plumbing system is contingent on
the head and capacity required, as well as overall efficiency and
ease of maintenance. Recently, there has been great emphasis on
the use of vertical turbine type pumps on all public buildings.
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Figure 5-14 . System Head Band Caused by Variation in Water
Supply Pressure and Non-Uniform Flow in
Building

This is a misapplication of that particular pump. In many cases a
horizontal split case or end suction pump will be much more effi-
cient and provide a lower level of maintenance and technical
capability for repairs.

The evaluation of the following five pumping system types
will demonstrate there is no single pump-type that is best for all
potable water systems.

Another misconception is that all pumps should be constant
speed or all pumps should be variable speed. It will be shown
that the use of variable speed is dependent on the system head
curve or area and type of building. It is not a panacea for all
buildings. The following discussion demonstrates the pump needs
for various types of buildings.

Figure 5-16 describes a typical Type 1 system, which could be
a sump pump Oor sewage ejector. In this case, a sump is located
about 15 feet below the connection of the pump discharge into the
sewer. The piping friction is five feet, so the total dynamic
head required of the pumps is 20 feet. As there is no intermedi-
ate drawoff in the piping between the pump and the sewer, it is
not possible for a system head band or area to exist.

Figure 5-17 describes a system head curve for this system.

If the sump level did vary greatly, it would be necessary to draw
another system head curve below the one shown to demonstrate the
variation in level in the sump. In actuality, the sump level
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seldom varies over a foot or two, so it is not necessary to draw
a system head area for this particular system.

As this is a free flowing system, pumps will operate at the
intersection of the sytem head curve and the pump capacity curve.
If, as shown in Figure 5-17, two pumps each with a capacity of
50% of the system are selected for this system, when one pump is
operating, it will not operate at 50% of system flow, rather it
will operate at approximately 70% of system flow. Two pumps oOp-
erating together should, obviously, operate at the design
¢ondition of 100 percent flow at 20 feet of head.

Since the system head for this type of system is easy to
calculate, the selection of pumps is also not difficult. Pumps
for such systems are usually centrifugal, either of the vertical
centrifugal, submersible, or self priming type. Pump efficiency
should be evaluated with consideration for ease of maintenance.
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Figure 5-16. Type 1 System Susp Pump or Sewage Ejector
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Figure 5-17. System Head Curve for Type 1 System

Figure 5-18 describes a Type 2 system, namely a potable water
system in a high-rise public building. As shown, static rise
from the suction tank level to the top fixture of the building is
200 feet, with an additional 46 feet up to the roof tank level.
This provides a minimum of 20 pounds pressure at the top fixture.
The piping friction is only ten feet and, since water meters and
backflow preventers do not exist in such a system, a very flat
system head curve results. The system head curve is shown in
Figure 5-19. The independent head of 246 feet consists of 200
feet of static and 46 feet of minimum pressure. If there is a
significant change in water level either in the roof tank or the
suction tank, a parallel system head curve will result. In actu-
ality, the water seldom varies so that the system curve will be
that shown in Figure 5-19, Since there is a very small amount of
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Figure 5-18 , Type 2 System ( Potable Water in High Rise
Public Building)
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friction, a system head area or band will not exist.

Flat curved pumps without pump control valves are excellent
for this type of system. The pumps will not operate at any
point but at the intersection of the pump head capacity curve and
the system head curve. Therefore, there is no need for pressure
regulating valves on the pump discharges; likewise variable speed
is of no value on this system. Rather, the emphasis should be on
maximum pump efficiency at the design condition. The type of
pump can be either vertical turbine, horizontal split case or end
suction. The important factors are pump efficiency and ease of
maintenance.

Figure 5-20 shows a Type 2 system where water is taken from
one tank and transferred to another. The system is potable water
in an industrial complex where water is supplied from a ground
storage tank and delivered to an elevated tank at the far end of
the system. The static difference is 135 feet in the elevated
tank minus the 20 feet in the ground storage tank. Since this is
a distributive system, the friction in the piping can be appre-
ciable and it is assumed in this case to be 50 feet. The system
head curve for this industrial complex is shown in Figure 5-21
with a static head of 115 feet and a friction of 50 feet for a
total system head of 165 feet at design flow. Because 50 feet of
friction exists in the system, there is a possibility a small
system head band exists due to non-uniform flow in the buildings.
If the loads in the first building are active, the system head
will be below the system head curve. Likewise, loads active in
the far building could create system heads greater than the uni-
form system head curve.

In actuality, the pumps will only operate along a narrow
band so that most of the system head area can be ignored. Fig-
ure 5-21 shows the pump must be capable of running at the far
right condition for single pump operation, which will be about 70
percent system flow rather than at 50 percent system flow. Hori-
zontal split case and end suction types of pumps usually offer
the best selection for this type of system, particularly on large
flows where efficiency is of utmost importance.

Figure 5-22 describes a Type 3 system which, in this case,
is potable water in a high rise building where water is taken from
a suction tank and delivered to a water system without a large or
open storage tank at the top of the building. The diaphragm tank
shown at the top of the building is for minimum flows, not for
general storage. The system head curve is shown in Figure 5-23
with the independent head being 246 feet (200 feet of static
head plus a minimum pressure of 20 pounds at the top of the build-
ing or 46 feet). Again, the friction in this system, like the
Type 2 system, is very small, only 10 feet for the entire system.
Since this is a closed system with no open storage providing free
flow for the pumps, pumps will operate on the pump head-capacity
curves, not at the intersection of a pump head capacity curve and
the system head curve.

This results in over pressuring, as shown by the shaded area
on this figure. Flat curved pumps are a necessity here to pre-
vent over-pressuring of the system. If steep curved pumps are
used, it may be necessary to limit their pressure by installing
pressure regulating valves on each pump discharge. Careful se~
lection of a flat curved pump can be much more efficient by
reducing the amount of overpressuring caused at reduced flows.

As with other high rise buildings, pump selection should be
contingent on pump efficiency and ease of maintenance. The pump
must be selected to serve the system at the specified flow and
head. A large system like this should include a small jockey
pump to handle low flows in the building, which can cause exor-
bitant use of electrical energy. The jockey pump can be used to
pump the diaphragm tank at the top of the building and provide
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efficient operation at very low flow.

The industrial complex as shown in Figure 5-24 is also-a
Type 3 system where water is taken from a ground storage tank and
delivered though the system, providing a minimum pressure of 20
pounds, or 46 feet of head, at the top of the far building.

MINIMUM PRESSURE:
20 PSIG

TYPE 3 SYSTEM
POTABLE WATER

IN HIGH RISE BUILDING

FRICTION IN PIPING:
10 FT.

DIAPHRAGM TANK AT
/ TOP OF BUILDING

TO FIXTURES

O FT.

Figure 5-22. Type 3 System (Potable Water in High Rise Building).
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Figure 5-23. System Head Curve for High Rise Building
(shown in Figure 5-22).
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If the top of the building is 20 feet and the storage tank has an
elevation of 20 feet above ground level, then no static head ex-
ists and the independent head will consist merely of the minimum
pressure required at the top of the far building (i.e. 46 feet).
The system head curve for this industrial complex is shown in
Figure 5-25. Since the friction head is 50 feet, or greater than
the independent head, a sizeable rise in head occurs between min-
imum flow and maximum flow. If the water flow can vary among the
four buildings, there is the possibility of a sizeable system head
area due to uneven flow in the buildings. The shaded area in
Figure 5-25 represents the over pressuring caused by constant
speed pumps. In this case, great care must be made in selecting
the pumps. If the pumps each with 50 percent capacity are se-
lected, a single pump operation can be as high as 80 percent of
the system flow. It is imperative the pump be checked at the far
right operating point to insure that cavitation does not occur or,
with vertical turbine pumps, that upthrusting does not occur and
damage the vertical motor. This system could be an excellent ap-
plication for variable speed pumps to reduce the overpressuring
caused by constant speed pumps. An evaluation for variable speed
pumps should be made to determine the time required to amortize
their additional costs over the use of pressure regulating valves
on the pump discharges.

To secure adequate pressure control, it may be necessary to
install a remote sensing pressure transducer to vary the pump
speed and prevent undue over-pressuring. This system is an ex-
cellent application for horizontal split case or end suction
pumps. Normally, vertical turbine pumps are not considered for
such an application.

The Type 4 system shown in Figure 5-26 describes a potable
water system in a high rise building taking water from a city
water main. The building is equipped with an open roof tank for
storage or fire fighting purposes. The system head area for this
system is shown in Figure 5-27. The system head area will be de-
pendent on the pressure variation in the city water main, in this
case from 30 to 50 PSIG. The friction head will consist of the
losses in the water meter, backflow preventer and piping, for a
total of 33 feet at maximum flow. The type of pump selected for
this building could be vertical turbine, horizontal split case or
end suction. Emphasis should be placed on pump efficiency and
ease of maintenance. The pumps must be able to operate at the
far right condition without cavitation, or thrusting in vertical
turbine pumps. Variable speed should be considered if there is a
sizeable variation in city water pressure so that energy savings
can justify the cost of variable speed equipment.

The Type 5 system shown in Figure 5-28 consists of potable
water in a high rise building, receiving water from a city water
main. The warer main pressure could vary from 30 to 50 PSIG pres-
sure. Static rise is 200 feet of head and minimum pressure at
the top of the building is 20 PSIG. A diaphragm tank is shown at
the top of the building as was the case of the Type 3 high-rise
building. The friction in the piping in only 10 feet, but there
is a pressure loss in the water meter and back flow preventer of
5 PSIG each or 10 PSIG total.

The system head curve for this building is shown in Fig-
ure 5-29. It is a fairly flat system curve due to the fact that
only 33 feet of friction exists. 1In actuality, system head
curves in this case will not be as is shown because the pressure
loss curve for water meters and back flow preventers are not
necessarily proportional to flow through them. As shown, a sys-
tem head band has been generated by the variation in the suction
pressure to the building. At maximum, the independent head will
be 177 feet, with 30 PSIG in the water main. At minimum, it will
be 131 feet, with 50 PSIG in the water main. Since this is a
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closed system, the operation point on the pump curve will depend
on the total flow in the building, and will not be at the inter-
section of the system head curve and the pump head capacity curve.
Single pump operation must be checked at the far right condition
when maximum pressure occurs in the city water main. This build-
ing can be a candidate for variable speed if there is sufficient
variation in street pressure. 1In any case, either variable speed
or pressure regulating valves must be installed on the pump to
prevent over-pressuring in the building. The important factor
here is efficiency, both at the far right condition and at the
design condition, as the pumps will operate up and down the curve.
The type of pump could be vertical turbine, horizontal split case
or end suction, depending on actual system design flow.

Like the high rise building for the Type 3 system, this
building should be equipped with a jockey pump to provide water at
low flow rates in the building. The jockey pump can be used to
maintain pressure in the diaphragm tank and eliminate large motor
operation on low building flows.

Figure 5-30 describes a Type 5 system for an industrial com-
plex receiving water from a city water main and delivering it to
the building, maintaining a pressure of 20 PSIG at the far build-
ing. If the fixtures at the far building are at an elevation of
a maximum of 36 feet, the static head will be 36 feet plus 4 or
40 feet above the city water main. The independent head consists
of static head plus the minimum pressure required at the top of
the building minus the minimum street pressure, 30 PSIG, or as
shown in Figure 5-27, a maximum of 17 feet.

When the street pressure rises to 50 PSIG maximum, the inde-
pendent head actually becomes negative, -30 feet, as shown in
Figure 5-31. The reason is street pressure is greater than static
head and the pressure regquired at the end of the system (i.e. 20
PSIG). The maximum friction of 73 feet results from the pressure
drop through the water meter, back flow preventer and piping. A
combination of the variation in the friction and in the street
pressure creates a very broad system head area, or band, as shown
in this figure. The dotted cross~hatched area at the bottom of
the system head area indicates conditions under which no pumps are
required. Therefore, a bypass should be provided around the pumps
(See Figure 5-30) to allow the city water pressure to feed the
building under low flow conditions. The shaded area represents
over~-pressuring and resulting energy loss that can be caused by
using constant speed pumps. With two pumps servicing this build-
ing, it is obvious that pump selection must be a very careful pro-
cedure. First, a single pump will carry out far to the right to
provide 90 percent of the flow under some conditions. Therefore,
the pump must be able to operate without any cavitation at this
high flow rate.

Variable speed pumping is a must for this type of system.
Energy losses through constant speed pumping are so high that it
should be easy to amortize the basic cost of the variable speed
pump. The pumps should be operated by a pressure transducer lo-
cated at the far end of the building.

At 20 PSIG the pumps will run at the desired speed to main-
tain this pressure, regardless of the flow and head variations in
building. 1If the suction pressure rises to the point where it is
capable of pumping the building, a transducer located on the pump
suction header can program the pumps off and allow the city pres-
sure to maintain building supply until the load in the building
again rises to the point where pumps are required.

Horizontal split case or end suction pumps are the only kinds
of pumps that should be considered for this application. Variable
speed drives preferably should be of the variable frequency type
to secure maximum efficiency.
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Direct current drives and motors should never be used for

these applications due to low brush life achieved on DC motors
applied to variable torque loads, such as centrifugal pumps.
Eddy current - and fluid coupling-type drives can provide a re-
liable means of variable speed for such an application, but they
are far less efficient than the variable frequency drive.

Previous discussion of the five types of plumbing systems

reveals the following:

® A water system requiring pumping in plumbing should be
evaluated from a minimum flow with the generation of a
system head curve or area to prove the needs for various
types of pumps and drives

e No one pump-type can be used on all pumping systems in
public buildings. For equal efficiencies and pump motor
horsepowers, horizontal split case and end-suction pumps
should be preferable to vertical turbine pumps

® Flat curve pumps should be used instead of steep curve
pumps to avoid over-pressuring and resulting energy losses

e Jockey pumps should be provided on high rise buildings to
eliminate operation of large pumps during low flow periods,
which can occur day and night

e Hydropheumatic tanks for low system flow should be in-
stalled at the top of the building, not in the basement, to
achieve greater use and less costly tank installations

® Steep curve pumps should not be used to pack hydropneumatic
tanks because of the very high cost of energy created by
such operation

e A careful evaluation of a water system's pump head and
energy requirements from minimum to maximum flow, will re-
sult in more efficient pumping
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CHAPTER 6

DESIGNING DOMESTIC WATER BOOSTER
SYSTEMS TO CONSERVE ENERGY

Introduction

Considerable amount of energy is wasted by water booster
systems as a result of improper sizing, poor pump selection, con-
tinuously running pumps, and outdated standards and codes. Each
of these parameters has an impact on system design, operation,
maintenance, and energy projection. Engineers must carefully study
the existing systems to come up with the best possible pumping
system design, based on actual observed usage and proven equipment
performance. This chapter will discuss potential methods to con-
serve energy in designing water booster systems.

Proper Sizing

Proper sizing is not an easy task, since most designers do not
know the exact demand for a given system. Estimation of water
demand in buildings is often based on the fixture unit to gpm

conversion known as Hunter's Curve (see Figure 6-1).
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Figure 6~-1. Hunter's Curve.
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This curve was based on a probability analysis done by Hunter
at the National Bureau of Standards in 1940. This design proce-
dure is the framework of present design method in both the United
States and British Standards. In recent years, practicing
engineers have questioned the accuracy of Hunter's method and the
resulting product, Hunter's Curve, which has been proven to be as
much as 100 percent inflated in some instances. The acknowledged
overdesign has a significant effect not only on the initial cost
of the building but also on operating costs including excess
energy costs as a result of oversized inefficient pumping systems.

When pumps are oversized and do not operate at or near best
efficiency, the flow capacity being delivered by the pump is at a
very inefficient point on the pump head capacity curve. Studies
have shown that domestic water booster systems operate at less
than 25% of capacity 75% of the time. This indicates that the
pump selection based on the Hunter's Capacity would operate at poor
efficiencies.

How Many Pumps?

Multiple pump systems save energy by running a smaller lead
pump to maintain system pressure during low flow periods.
Figure 6-2 illustrates a typical apartment building water demand
over a 24-hour period.
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Figure 6-2. Hourly Average Demand Chart for Low
Income Housing (480 units).

Hourly average demand chart has shown that capacity split is
important. 1In general, for projects requiring less than 200 gpm
it is not likely that energy savings can be achieved by using more
than 2 pumps. However, for systems larger than 200 gpm a small
lead pump or jockey pump will usually save significant amount of
energy. When a jockey or small lead pump is used, it should be
sized for a minimum of 50 gpm if the project system contains flush-
ometers. This is because the fixture flow rate of a flushometer is
as much as 50 gpm.

Table 6-1 is a guide for capacity splits for various size. and
type of buildings. After the capacity and pressure booster of each
pump has been selected, the designer should consider power con-
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sumption of the components of the system.

Table 6-1
Suggested Capacity Splits

Peak Load (gpm)

TYPE OF
OCCUPANCY 0-250 251-500 501-1000
APARTMENTS 65-65 20-40-40 20-40-40
OFFICE BUILDING 20-40-40 30-40-40 30-40-40
SCHOOLS 30-40-40 25-50-50 25-55-55
HOTELS 50-50 20-40-40 20-40-40
MOTELS 65-65 30-40-40 30-40-40
20-40-40 25-55-55 25-55-55
HOSPITALS 65-65 30-40-40 30-40-40
30-40-40 25-55-55 25-55-55
30-70-70 30-70-70 30-70-70
INDUSTRIAL 50-50 20-40-40 20-40-40
20-40-40 30-40-40 30-40-40

The selection of optimum efficiency pumps can be best achieved
with an open mind about pump type. The designer should examine
both centrifugal and vertical turbine selections to fit project
flow and head conditions. The designer also should consider both
1,750 and 3,500 rpm speeds. Some duty points are better in effi-
ciency at 1,750, and others at 3,500 rpm. Often motor efficiency
is higher at 3,500 rpm.

Shutdown Systems

Excessive amounts of energy are wasted by booster systems if
pumps are permitted to continuously run when the small or zero
flow occurs. These long periods of low flow should prompt the
designer to consider devices that allow the pumping system to shut-
down completely.

All pumping systems have some leakage. Any device that shuts
down all pumping equipment without provisions for water storage
under pressure must not be considered. Since water is an incom-
pressible fluid. Small leaks would immediately drop system
pressure and cause the system to restart.

There are two types of devices that do allow long down times
— the HydroCumulator type system and the modified Hydropneumatic
type system. The Hydropneumatic tank is utilized as a jockey on
the system, and the HydroCumulator acts as a jockey on the inlet
to the pressure control devices.

In general, the same capacity HydroCumulator or Hydropneumatic
tank located high in the building would store twice the volume of
water providing twice the pump off time. Figure 6-3 is a typical
pressure - volume storage table for different initial pressures.

The designer must recognize that these type systems should
not be used on building applications with high base loads.
Occupancies such as hospitals, large convention type hotels, etc.
would not likely experience long periods of low flow or no flow
and should not consider the Hydropneumatic or HydroCumulator type
systems. Other structures such as office buildings, smaller hotels
and motels, apartment buildings, recreational facilities,
restaurants, etc. with long periods of low flow should consider
this type of system.

The potential energy savings with the Hydropneumatic or
HydroCumulator type systems depend on the horsepower of the pump
being shutdown, the cost of power, and the lead load. Table 6-2
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Figure 6-3. Pressure-Volume Storage Graph.

tabulates some typical yearly savings for various horsepowers.
This table is for an office building experiencing night time and
week~end low flows, and recognizes that even under low flow condi-
tions the pump must recycle occasionally to refill the tank. The
potential dollar savings are quite significant.

Table 6-2
Potential Yearly Savings

Motor Low-Flow
Horse Horse Annual Savings When Your
Power Power Per Kilowatt Hour Cost Is:
.04 .06 .08 .10
10 6.6 $ 892 $ 1,338 $ 1,784 $ 2,230
15 10.0 1,338 2,007 2,676 3,345
20 13.3 1,784 2,676 3,568 4,460
25 16.6 2,230 3,345 4,460 5,575
30 20.0 2,676 4,014 5,352 6,690
40 26.6 3,568 5,352 7,136 8,920
50 33.3 4,460 6,690 8,920 11,150
60 40.0 5,352 8,028 10,704 13,380
75 50.0 6,690 10,035 13,380 16,725
100 66.6 8,920 13,380 17,840 22,300
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6.5 Energy Conservation Tips

While it is true that "design" pump efficiency increases with
increased flow, it is important that every effort be made to
specify gpm to the lowest possible flow rate. This is because the
decrease in BHP through reduced flow is much more important than
the BHP change caused by decreased efficiency in the smaller pump.

Decreased pump head specification, on the other hand, pro-
vides a campound advantage; pump BHP is reduced by head reduction,
while pump efficiency is also increased - further reducing pump
BHP needs.

The actual "pay-out" cost of pump operation will be influ-
enced by motor drive efficiency. There is need for introduction
of a new term - Utility Horsepower (UHP) which is simply BHP
divided by drive efficiency. Most constant speed electric motors
operate at about 85% efficiency, so BHP as shown on the pump curve
should be divided by .85 to obtain UHP before converting to KWH.
Table 6-3 shows the cost of operation for various time periods per
BHP and based on 85% motor efficiencies at various KWH costs.

Table 6-3

Pumping cost per 1 BHP based on 85 percent motor efficiency

$ per kilowatt hour

Operating time 0.025 0.03 0.035 0.04 0.05 0.06

1 hr 0.022 0.0264 0.0308 0.0351 0.0438 0.0525
12 hr 0.263 0.316 0.368 0.42 0.524 0.628
24 hr 0.526 0.632 0.735 0.84 1.048 1.256
30 days

(1 month) 15.80 19.00 22.10 25.20 31.40 37.60

6 months 95.20 116.00 134.00 154.00 192.00 230.00

9 months 143.00 175.00 202.00 232.00 289.00 346.00

1l yr 193.00 232.00 270.00 308.00 384.00 460.00

Table 6-3 shows the importance of pumping energy conservation
— especially when it is considered the present national average
electric cost of 0.060/KWH is shortly expected to double. The
basic information described can be utilized in terms of reducing
pump power draw for pressure boosting systems.

Single Pump ~ The Base Example

It should be noted that pump efficiency is under control of
the pump design engineer, while the terms ft. hd. and gpm are under
control of the system design engineer. Overall system pump
operating efficiency (operating cost) is established more by
engineers concerned with system design and pump specification (ft.
hd. - gpm), than by pump design engineers.

To illustrate this point, consider a high-rise building
(1,000 F.U. at 210 gpm) of about 200' height equipped with flush
valve closets. Facilities and other operations on the lower floor
require 70 gpm. A roof top cooling tower and boiler need about 20
gpm at 20 psi. Total flow need is stated at 300 gpm.

Street pressures may vary from the maximum of 60 psi to the
minimum of 40 psi in this building. For safety, a low street
pressure of 30 psig is used. Future street loading may further
reduce street pressure.
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The basic design example is shown as Figure 6-4,

f Tower = 20 GPM|@/20 PSL

l {|20>
23 Tower |
|
Apt. Bldg.
or
Office
1000 F.U.
120° 210 GPM
Q 70 GPM

Max. /760
Min. \[30/

Figure 6-4. The Basic Design

Example.
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Either variable or constant speed pumps can be used for the
base example. Given that either pump will be selected for 300
gpm, the pump head selection points will be defined as follows:

Variable Speed Selection

Static Hd. = 82 psi - 30 psi = 52 psi; 52 x 2.3 = 120"
Pipe Friction Flow Hd. Loss at 1'/10'; 120 x 1'/10' = 12°'
TOTAL HEAD = 132"

Pump selection based on 300 gpm at 132'

Constant Speed Selection

Constant speed pump application often includes a pressure
reducing valve (PRV) to reduce pressure as it is delivered to the
building when street pressures are expected to be highly variable

(as in this example). To retain control, the PRV must be selected
for a relatively high order head loss. Valve selection head loss
will vary between 10 and 20'. A PRV head loss of 15' is used in
this example.
Static Hd. = 82 psi - 30 psi = 52 psi; 52 x 2.3 = 120°
Pipe Friction Flow Hd Loss at 1'/10' = 120' x 1'/10' = 12'
Pressure Reducing Valve (PRV) Head Loss = 147°

Pump Selection Based on 300 gpm at 147'

Noting that usage of the PRV introduces more head loss (more
pump power consumption) for the constant speed pump with PRV, as
compared with the variable speed pump - or for a constant speed
pump without the PRV.

Methods for reducing power consumption for both the variable
speed and the constant speed pressure booster pumps follow. Con-
stant speed energy conservation methods will be examined first -
principally because the constant speed pump provides the simplest
introduction to the basic methods. It should be understood that
the basic methods for constant speed pressure boosting energy
conservation also apply to variable speed pumps.

At the point of 300 gpm at 147 ft. head, a pump selection
can be made by referring to pump curves.

A pump as illustrated on Figure 6-5 is selected with a 6-5/8"
impeller.

The selection point at 300 gpm and 147' shows a pump effi-
ciency of 70%. The 40% efficiency line crosses the 6-5/8'
impeller curve at 88 gpm and 182°'.

at 300 GPM; BHP = 300 gpm x 147 ft. hd. = 16 BHP
3960 x .70
at 88 GPM; BHP = 88 gpm x 182 ft. hd. = 10.1 BHP

3960 x .4

Given the illustrated pump head and efficiency points, a
plot of BHP usage vs. GPM can be made for the 6-5/8" impeller as
in Figure 6-6.

Pressure booster pumps will operate across a wide flow draw
range (and BHP range) as shown in Figure 6-5. The pump in this
case will draw 16 BHP at full flow draw (300 gpm) and 8 BHP at
low flow draw (shutoff).

The BHP curve in Figure 6-6 was derived for the base example
and will be used as a reference for evaluation of pump energy
conservation methods for pressure booster pumping systems.



__88x182 __
BHP—-———3960xn;4_10'1 BHP

300x147

290 - =Y = 4]
/— BHP 3960X.7 16 BHP
200+

60l 67

3 40T L ! lI

300 GPM @ 147
60- 6-5/8 IMP

0 50 100 150 200 250 300 350
GPM

Figure 6-5. Pump Selection for 300 GPM at 147°'.

swa3sis dung pue sdung



Water Booster Systems to Conserve Energy 6-9

3960 x.7

16
14
12
10

BHP

N o »n ©o

Figure 6-6. Constant Speed BHP Variation.

6.7 Energy Conservation Methods And Evaluation Procedures
The basic approach to booster pump energy conservation is
simple:
Specify the pump or pumps for the lowest possible ft. hd. and
m.
R There are several important points that should be remembered
in terms of evaluation:

® Booster pumps will operate across a wide flow range. It
is important to assess low flow BHP because low flow oper-
ation occurs for long time periods.

® Recent studies indicate maximum probable flow will only be
about .6 that shown as probable by the Hunter F. U. curve.

In order to assess operating costs for Booster pumping sys-
tems, some correlation between building flow draw demand as an
hourly function should be established. Table 6-4 shows hourly
flow demand as a percentage of peak demand obtained directly from
Hunter's F. U. probability flow.
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Table 6-4

Hourly Flow Demand

APARTMENT BUILDING OFFICE BUILDING
Hrs. at % Flow % Flow* Hrs. at % Flow % Flow*

4 25 12 0

6 30 1 20

4 35 4 30

4 40 6 40 _

2 45 1 60

3 50

1 60

*3 Flow is % of Hunter F. U. Probability Flow

It should be recognized that Table 6-4 is not authoratative
and can only be considered for reasonable estimation of hourly

flow draw.
For evaluation purposes, full load pump BHP is defined by:

Full Load BHP = Specified ft. hd. x Specified gpm
3960 x E
1%

Pump efficiency (Ep) can be calculated by knowing the ft. hd.,
gpm, and BHP.

In order to strike the pump BHP usage curve as a function of
pump or system flow, shutoff BHP must be known. For the purpose
of this discussion, shut-off BHP will be one-half full load BHP.

Pump Energy Conservation by Multiple Pump Use

The basic approach to energy conservation is specifying pumps
to the lowest possible gpm and ft. hd. If two pumps in parallel
were specified for the base condition shown in Figure 6-7, each
pump would be specified for one-half total flow (150 gpm at 147'
rather than 300 gpm at 147').

Paralleled multiple pumps operate in stages. At low flow, one
pump operates. When flow increases to maximum capacity of the
single pump, normally a control signal starts the second pump.

Any number of stages pumps can be used.

The control signal can be developed from motor amp draw
(current relay) or from flow meters.

Given a selection at 150 GPM and 147', Figure 6-5 shows that
each pump will operate at about 63% efficiency; a decrease from
the 70% available for the larger pump. Given the conditions, full
load and shut-off BHP can be determined as follows:

Full Load BHP = 150 x 147 = 8.9 BHP
3960 x .63

Shut~off BHP = 8.9/2 = 4.45

The BHP plot for the multiple pump system as compared with the
single pump is shown on Figure 6-8. At flows beyond 150 GPM
multiple small pumps draw more power than the single large pump.
The important point, however, is that at low flow (less than 150
gpm) only one small pump will operate and its power draw will be
significantly less than the single large pump.
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An operating cost comparison of BHP usage for the single and
parallel multiple pumps can be made, considering the base example
as either an apartment building or office building. The methodol-
ogy follows:

Table 6-4 provides hourly operation at an estimated flow which
is the percentage of the Hunter probability flow assessed in this
case at about 300 gpm. For the apartment building Table 6-4 shows
that the building will operate for 4 hours at 300 x .25 or 75 gpm.

Refer to Figure 6-8 at 75 gpm and determine that for 4 hours,

the single large pump will draw 10 BHP/Hr. - a total BHP/Hr. of
4 x 10 = 40 BHP/Hr.,
4 Hr.

A summation of BHP/Hr. draw per day can be established and
converted to utility draw (UHP Hr/Day):; based on motor drive
efficiency. UHP Hr./Day can be converted to UHP Hr./Yr. draw, then
to KWH/Yr. and finally changed to $/Yr. by referring to KWH Cost.

Table 6-5 illustrates calculation of yearly cost for the ex-
ample considered as an apartment building and for the single large
pump as compared with the multiple pump system.

Table 6-5

Calculation Of Yearly Cost For An Apartment Building

Single Pump Multiple Pump (2)
Hrs. at % % BHP Hr. BHP Hr.

Design Design Actual BHP Draw Per BHP Draw Per
Flow Flow Flow Draw Time Period Draw Time Period

4 25 75 10 40/4 Hr. 6.5 26/4 Hr.

6 30 90 10.25 61.5/6 Hr. 7 42/6 Hr.

6 35 105 10.5 42/6 Hr. 7.5 30/4 Hr.

4 40 120 11 44/4 Hr. 8 32/4 Hr.

2 45 135 11.5 23/2 Hr. 8.5 17/4 Hr.

3 50 150 12,5 37.5/3 Hr. 9 27/3 Hr.

1 60 180 13 13/Hr. 13.5 13.5/Hr.

*Design Flow at 300 GPM
TOTALS 261 BHP Hr. 207.5 BHP Hr.
24 Hr. 24 Hr.
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Figure 6-7. Paralleled Staged Booster Pumps.
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Figure 6-8. Multiple Parallel Pumps Vs. Single Large.
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Operating cost/yr. will then be:

Single Pump:
261 BHP Hr. , 1 365 Day x .746 KWH x $0.05773*= $4827/Yr.
Day .85 Yr. H.P. Hr. RKWH

Multiple Pump:

207.5 BHP Hr. 365 , .746 x 0 -
Day X 5= X x 0.05773 $3837/Yr.

*The KWH for residential buildings (without taxes) is .05773¢.

Savings will amount to about $990/Yr. for the multiple pump
system. Given a doubling of electric energy cost as to $0.115/KWH,
savings would amount to $1980/Yr.

A comparison should also be made for the example applied as an

office building. The comparison is shown in Table 6-6.
Table 6-6

Calculation Of Yearly Cost For An Office Building

Office Building
Single Pum Multiple Pump (2)
J BHP pHr P BHP l?r.

Hrs. at % % .
Design* Design* Actual BHP Draw Per BHP Draw Per
Flow Flow Flow Draw Time Period Draw Time Period
12 0 0 8 96/12 Hr. 4.5 54/12 Hr.
1 20 60 9.5 9.5/ Hr. 6 6/Hr.
4 30 90 10.25 41/4 Hr. 7 28/4 Hr.
6 40 120 11 66/6 Hr. 8 48/6 Hr.
1 60 180 13 13/Hr. 13.5 13.5 Hr.
*Design Flow at 300 GPM
TOTALS 225 BHP Hr. 149.5 BHP Hr.
Day Day

Year Operating Costs:

KWH for Office Buildings (without taxes) is .05971¢.

Single Pump = 225 x 365 x .746 x 0.05971 = $4304/Yr.

.85

Multiple Pump = 149.5 x 365 x .746 x 0.05971 = $2860/Yr.
.85

Savings for the multiple pump system amount to $1444/Yr. at
0.05971/KWH or about $2888/Yr. at 0.119/KWH (future cost).

Reference to Table 6-6 shows that a percentage of operating
power is consumed during the 12 hour time period of virtually no
flow. A very small pump could be operated during this time period,
the pump selected for the order of 50 gpm @ 147'. While pump
efficiency would be low (because the pump is small) the full flow
BHP would be about 4 BHP. The important point is at no flow, BHP
drops to about 2 BHP. 1Inclusion of the small "lead" pump would
change the multiple pump system from two to three pumps.

The three pump system (one small lead) would decrease opera-
ting cost/yr. to about $2286/yr. at 0.05971/KWH. Basic yearly
costs are reduced to about one-half that required for the single
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pump system., Results are as shown on Table 6-7.

Table 6-7

Single Pump Vs. Three Pumps For An Office Building

Single Pump Multiple Pump(3 Pump)
Hrs. at % % BHP Hr. BHP Hr.
Design Design* Actual BHP Draw Per BHP Draw Per
Flow Flow Flow Draw Time Period Draw Time Period
12 0 0 8 96/12 Hr. 2 24/12 Hr.
1 20 60 9.5 9.5/Hr. 6 6/Hr.
4 30 90 10.25 41/4 Hr. 7 28/4 Hr.
6 40 120 11 66/6 Hr. 8 48/6 Hr.
1 60 180 13 13/Hr. 13.5 13.5/Hr
*Design Flow at 300 gpm.
TOTALS 225 BHP Hr. 119.5 BHP Hr.
Day Day

It appears several tentative conclusions can be reached:

e Multiple pump systems save on operating costs for both
the apartment and office building booster pumping
systems. Operating cost savings are particularly
accentuated for the office building

e Small lead pumps propose particularly high savings for
the office building because of its long "down" time

Pump Energy Conservation by Flow Specification Reduction

In many high~rise structures, the lower floors have a rela-
tively high water demand - and are adequately served by available
street pressure. Low floor water demand can then be separated
from the pressure booster system. This will require, of course,
that a separate heater be provided for the separated section.
Additional heater cost will have to be evaluated against booster
pump operating saving. In our basic example, 70 gpm can be separ-
ated from booster pump requirements -~ leaving a required pump flow
at 70 ft. of 300 - 70 or 230 gpm. Base pump draw conditions will
then become:

Single Large Pump @ 230 gpm, 147' & 68% E :

Full Flow Draw = 230 x 147 = 12.5 BHP
3960 x .68
Shut-off Draw = 12.5/2 = 6.25 BHP

Multiple Stages Pumps (2) in Parallel, Each at 115 gpm, 147' and
59% E

_——P
Full Flow Draw/Pump = 115 x 147 = 7.3 BHP
3960 x .59
Shut-off Draw = 7.3/2 = 3.65 BHP

The comparative BHP
ure 6-9.

Flow Draw relationship is shown in Fig-
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Original Single
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Figure 6-9. Single Vs. Multiple Pump BHP.

Application of the same technique for calculation of yearly
operating cost shown in Tables 6-5 and 6-7 - but based on a lowered
design flow to 230 gpm - shows year costs as in Table 6-8.

Table 6-8

Comparison of Yearly Operating Cost

APARTMENT BUILDING BHP, Hr. Cost/Yr.
Day

Design at 300 gpm
Single Pump 261 4827
Multiple Pump 207.5 3837

Design at 230 gpm
Single Pump 214.5 3967
Multiple Pump 143 2645

OFFICE BUILDING

Design at 300 gpm

Single Pump 225 4304

Multiple Pump 149.5 2860

Multiple Pump W/Small Lead 119.5 2286
Design at 230 gpm

Single Pump 177 2386

Single Pump W/Small Lead 122.5 2343

Multiple Pump 123.5 2362

Multiple Pump W/Small Lead 103 1970
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Separating the lower floor section from the booster pump can
lower operating cost, since operating cost is a function of pump
size. A decrease in specified flow will generally result in a
smaller pump.

While operating cost savings would not appear to justify the
extra heater cost in this instance, many large high-rise buildings
require very heavy low floor draw rates. Separation of these
facilities from the booster pump, in many cases, will be justified.

It is of interest to note that for the office building, the
importance of the small lead pump in combination with the multiple
pumps has decreased. This is because the multiple pumps them-
selves have become so small that they in effect have become the
lead pump. The small lead pump would still be justified when used
in combination with the single large pump.

Pump Energy Conservation: Pump Head Specification Reduction

Pump head specification reduction will save power, because
pump BHP requirements are directly related to the ft. hd.

Figure 6-10 is stated in terms of psi reduction, as are street
pressures and required top system pressures. Conservatively, about
.8 BHP per 10 psi reduction will be saved for each 100 gpm flow
rate specified.

Specified

Head N\
. N
Reductlon\
6..
Shut-off BHP
54  Veof lllustrated
Full Load BHP
4..
318
2..
1..
0 100 200 300 400 500 600

Specified GPM

Figure 6-10. Full Load BHP Reduction for Reduction in Specified
Head.
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Methods for reduction of specified head can be referenced to
the base example (Figure 6-4). The basic methods follow:

Reduce top floor pressure needs:

Figure 6-4 shows a roof mounted cooling tower requiring 20
gpm at 20 psi at the tower and which is elevated 23' above the top
fixture. The cooling tower requirement sets the top fixture pres-
sure at 30 psi.

The cooling tower flow and pressure requirement would be
satisfied with a small separate pump drawing from the top of the
main distribution riser and operating at about 1/2 BHP. This
small separate pump will allow top fixture pressure requirement to
establish top system pressure need.

Use of flush valves at the upper level would set a top floor
pressure need to the order of 15 psi. Since the original example
requires 30 psi at the "top," a reduction of 15 psi (34.5') in
specified pump head would occur; the resulting BHP saving at 300
gpm of 3.6 BHP at full flow draw, and 1.8 BHP at shut-off.

Use of tank water closets at the upper floor would introduce
an even greater available pump head reduction.

Thoroughly evaluate street pressure availability:

In the basic example, street pressure availability was
hurriedly evaluated as ranging from 30 psi to 60 psi. A more
thorough investigation (city water pressure records, etc.) reveals
that present street pressure variation is from 50 to 60 psi. A
future projection indicates street pressure variation will change
from 40 psi to 60 psi in about 5 years.

Eliminate pressure reducing valve when street pressure variation
is less than 20 psi:

A change in top pressure to 20 psi will not be serious.
Aerating faucets have removed the "water hammer" problem causing
broken glass or china breakage at the kitchen sink. Small PRV
can be used to pressure zone the CW side to reduce valve seat wear
at closets and flush valves.

With the introduction of the described head saving methods, a
new diagram (Figure 6-11) can be drawn describing the change in
pressure requirements for the new evaluation.

For the new condition, a single pump would be selected so
that its pump casing would accommodate an impeller capable of at
least 74' at 300 gpm (Ep at .75). The pump could be operated
initially, however, for the 51' head requirement and with an
impeller suited to the low head. Use of the smaller impeller
would decrease pump efficiency to 70%. Pump BHP draws follow:

Initial Pump at 300 gpm and 51'

300 x 51 = 5.5 BHP

Full Flow BHP
3960 x .7

Shut-off BHP 5.5/2 2.75 BHP
When future needs require, the initial impeller can be re-

placed with a full size runner. Then, BHP will increase as fol-

lows:
Full Flow BHP = 300 x 74 = 7.5 BHP
3960 x .75
Shut-off BHP = 7.5 = 3.75 BHP
2

A comparison of multiple pumps selected for 150 gpm at 74'
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Tower

l 3 @) Peped”

23 Tower @ Tower / @

52 psi “A” 52 psi “B”

Max Street /60 Future| | Max| 60,60 | Max 'Pr&eent
Min Street \30. Min![ 40 (50 | Min |
INITIAL PUMP HEAD PRESENT PUMP HEAD
Static = (82 - 30)2.3 = 120° Static = (67 - 50) 2.3 = 39°'
PRV = 15! Pipe Loss = 12°
Pipe Loss = 1/10 x 120 = 12! TOTAL 51°
TOTAL = 1477

Pump at 300 gpm and 51°'
Pump at 300 gpm and 147'

FUTURE PUMP HEAD

Static = (67 - 40) 2.3 = 62°

Pipe Loss = 12'

TOTAL 74"

Pump at 300 gpm and 74°'

Figure 6-11. Energy Conservation Through Head Reduction.
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(2 pumps) as against a single pump selected for initial conditions
(300 gpm at 51') and for a single pump at final conditions (300
gpm at 74') is shown in Figure 6-12.

Original
15 ¢ 300 GPM
@147’

o 10.
& 300 GPM @74

5 / 300 GPM @57’|

0 } } ~

100 200 300

GPM

Figure 6-12. Reduced BHP for Reduced Head Specification.

A comparison of single operating costs is shown in Table 6-9.

Table 6-9
A Comparison of Single Operating Costs

APARTMENT BUILDING

Cost/Yr. at

System Pump Selection BHP, Hr./Day 0.05773 KWH
Original - 300 gpm at 147’ 261 $4827/¥r.
Initial (New) - 300 gpm at 51' 87.2 $1613/Yr.
Final (New) - 300 gpm at 74' 114.8 $2123/¥Yr.

OFFICE BUILDING

Cost/Yr. at

System Pump Selection BHP, Hr./Day 0.05971 KwH
Original - 300 gpm at 147' 225 $4308/Yr.
Initial (New) =- 300 gpm at 51° 47.1 $ 901/vYr.

Final (New) - 300 gpm at 74' 67.32 $1288/Yr.
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6.11

The cost comparison includes about $200/Yr. needed to operate
the cooling tower pump at 20 gpm and 34'. As will be noted, how-
ever, the trade-off of the cooling tower pump for reduced "top"
pressure need in combination with a reevaluation of street pressure
availability pays off.

As previously noted, the plumbing engineer can specify the
pump to the initial condition illustrated and include in the pump
specification need for and cost of the impeller needed for final
operation. Over 5 years savings of $2214 to $2500 should be insti-
tuted. This more than pays for the minor order cost of the larger
"ready to be installed" impeller.

Impeller Trimming for Already Installed and Operating Booster
Pumps

Many installed Booster Pumps are overheaded, because street
pressures are actually higher than anticipated by the design
specification. If the building shown in Figure 11 "A" had a pump
size as (300 gpm at 147') - and this pump could be reduced to 300
gpm at 74'-a yearly saving of $3214 would be established for
either the apartment or office building.

Impeller trimming can match Booster Pump capacity to system
needs. The minor cost of impeller trimming establishes that large
savings can be established for minor investments.

Office building savings would become even greater if a small
lead pump were to be added and impellers trimmed.

Roof Tank Systems

Roof tank systems offer the greatest potential savings of an
pumping system. This is because the pump operates on an "on~off"
time cycle; when the pump is "off" no power is needed.

Despite this apparent advantage, roof tank systems have become
practically obsolete. Reasons for obsolescence seem to be both
architectural and structural, and finally reference back to an old
fire code need - requiring tanks have about a 3 hour supply of
water for fire fighting. The tanks consegquently become so large
they required additional building structural strength.

Nowadays fire pumps provide fire fighting water, permitting
large reductions in tank size. The use of roof mounted equipment
rooms (boilers, chillers, towers, etc.) provide potential hiding
for the relatively small tank needed for domestic water service.

Separate cooling tower and boiler feed pumps can be used to
provide pressure for these services although they are located at
the same level as the tank.

Considering the building illustrated in Figure 6-4, minimum
pressure at the top fixture is estimated to be about 10 psi (water
closet). The tank water level is about 23' above the top fixture.
Figure 6-13 shows the changed building pressure conditions.

The roof tank system requires a pump head as follows:

Static = (62 - 30) 2.3 = 74'
Pipe Loss = (120 + 23) 1/10 = 14'
Pump Head at 300 gpm = Bg°'

When operating the pump would run at 300 gpm and 88, having
an approximate BHP as follows:

BHP = 300 x 88 _. g ¢
3960 x .7

Time period of pump operation can be estimated as shown in
Table 6-10:
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Figure 6-13. Roof Tank System.

Table 6-10

Time Period of Pump Operation

APARTMENT BUILDING OFFICE BUILDING
Hrs. @ % % Design Actual Hours Hrs. @ $ % Design Actual Hrs
Design Flow Operation Design Flow Operation
4 .25 1 12 0 0
6 .30 1.8 1 20 .2
4 .35 1.4 4 30 1.2
4 .4 1.6 6 40 2.4
2 .45 .9 1 60 .6
3 .5 1.5
1 .6 .6
8.8 Hr. 4/4 Hr.
Day Day

Since pumps draw 16 BHP while operating the BHP Hr.,yearly
cost will become: Day

Apartment Building:

9.6 BHP x 8.8 Hr. = g5 BHP, Hr., and $1572/Yr.
Day “Day
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6.13

6.14

This should be compared with original 261 BHP, Hr. and
Day
$4827. - for the same conditions and for a single large pump.
Yr. i
The savings become even more substantial for the office build-
ing because of the long shut~-down in terms of water draw:

Office Building:

4.4 Hr, x 9.6 BHP = 42.5 BHP, Hr. and $813/year.
Day Day
The above calculations can be compared to the $4014/Yr. need
for a conventional single pump application.
Roof top tank systems should be re-evaluated in terms of
energy conservation, as fire pumps can substantially reduce the
required tank size.

Basement Tank Systems with Pressure Booster

Many city distribution systems have been inadequately sized
in terms of actual draw imposed by unexpected high-rise construc-
tion. To solve this problem, some city codes require that "open"
basement storage tanks are time sequence filled so that only half
of the connected buildings are allowed to fill during a certain
period of time. This, of course, doubles the flow capacity of the
city main.

The booster pump, in this case, operates from 0 pressure at
its pump suction to required pressure at the pump discharge.
Pressure "boost” from the city main is lost and booster pump power
consumption is increased.

It is interesting to speculate and note, however, that the
combination of a basement storage tank and a relatively small roof
tank provides for a reduction in c¢ity main flow draw with minor
booster pump operational cost.

Variable Speed Pressure Booster Pumps

Variable Speed Pressure Booster Pumps are used to reduce power
consumption and maintain a constant building supply pressure, de-
spite variation in street pressure.

For any given fixed flow rate, BHP will vary approximately as
the square of the flow change; a pump speed decrease to one-half
design speed will decrease pump BHP to about 1/4 design.

The decrease in BHP with pump speed reduction is one of the
salient features of variable speed drive pressure booster pumping.
It is not often noted, however, that the decrease in pump BHP is
partially countered by a decrease in "slip type" variable speed
drive efficiency:; the lower the pump speed the lower the drive
efficiency. A plot of drive efficiency vs. % speed is shown in
Figure 6-14.

Almost all commercially used variable speed drives operate
in a "slip" manner. Design slip is at 10% for fluid drives and
SCR interrupted voltage units. As noted in Figure 6-14, de-
creased slip increases drive efficiency.

Non-slip drives which maintain high order efficiency at low
speed are available (SCR variable frequency, etc.) =~ but are so
costly they are not often commercially applied.

The usual decrease in drive efficiency is of major importance
because we do not pay for BHP - but rather for input power into the
drive unit. This requires information on variable speed drives in
terms of utility HP (UHP) (BHP divided by drive efficiency Ep).

It is important to understand how a picture of the operating
characteristics of a variable speed drive can be obtained. The
first step is to define the pump selection point. Figure 6-4
illustrates the base example and states the variable speed selec-
tion point; 300 gpm at 132' head.
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Maximum variable speed in rpm is about 90% of synchronous
speed. Since basic pump curves are plotted in terms of synchro-
nous speeds, the true selection point (300 gpm at 132') must be
converted to a synchronous speed selection point. This is
accomplished as follows:

Synchronous speed selection:

gpm = 300 = 334 gpm

ft. hd. = 132 =13 = 163 ft. hd.

132
.9 X .9 81l
Standard 3500 rpm curves are now checked for a selection at
334 gpm and 163 ft. hd. The pump shown in Figure 6-5 would be
suitable; requiring about a 6-7/8" impeller. This replotted pump

curve is shown in Figure 6-15. It will be noted that efficiency
points have been plotted on the pump curve.
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Figure 6-14. Percentage of Drive Efficiency Vs.
Percentage of Speed.
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Pump Select
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Figure 6-15. Efficiency Points on the Pump Curve.

For the variable speed pump, "constant efficiency" lines can
be plotted. The constant efficiency line is similar to a system
curve and follows the proposition that head varies as a function
of the squared change in flow.

Complete gpm-ft. hd. conditions can be tabulated as in
Table 6-11.

Table 6-11

% Speed

100 90 80 70 60 50 40 30 20

gpm 334 300 257 227 193 161 128 97 64
70% E

ft.hd. 163 132 97 76 54 38 24 13.8 6
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Similar plot points for 6%RE at 230 gpm and 192' and for 40 %E
at 92 gpm and 202' will result in three plot points for each speed
- providing a plotting curve for each % speed, as shown in Fig-
ure 6-16. The constant efficiency lines also permit a cross plot
of pump efficiency.

& o @750 Gi=30=i334
G AN, 33412 120 e
200- '”ﬂlm’ﬁ Ix132=

140

|Design for 136°
@280 GPM

Figure 6-16. Constant Efficiency Lines Vs.
Constant Speed Lines.
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The previously prepared table includes ft. hd., gpm and
efficiency - all that is needed to determine BHP. UHP can be
determined by dividing BHP by drive efficiency (Ep), as available
from Figure 6-14. The fully developed table showing UHP appears
as Table 6-12.

Given this Table, we can plot a complete picture of variable
speed performance, as in Figure 6-~17. Figure 6-17 can be used to
evaluate variable speed pump operation. Given that the apartment
building shown in Figure 6-4 will operate with a street pressure
variation as between 30 and 60 psig, the variable speed pump would
operate at about 80% speed (132') with 30 psig street pressure.
The pump would operate at about 55% speed when city pressure is at
60 psig. Assuming the pump operates at each condition for 50% of
the year, Table 6-13 can be made for the variable speed pump in
comparison with other pumping methods:

'0 ~+ { $ + u t $ -4
"0 50 1100 50 /200 250 300 |350 |400
IGPM

Figure 6-17. Variable Speed Performance.



Table 6-12

The UHP Table for Variable Speed Pumps

70% E

65% E

40% E

GPM
Ft.
BHP

E
ulip
GPM

Ft.
BHP
Ep

UHP

GPM
Ft.
BHP

UHP

Hd.

Hd.

Hd.

100

334
163

230
192

95
202

90 80 70
300 257 227
132 97 76

14.3 8.9 6.25

.85 .70 .53

16.9 12.7 11.8

207 184 161l

156 122 94

12.5 8.7 5.9
.85 .70 .53
14.8 12.4 11.1
85.5 76 66.5
164 130 100
8.9 6.25 4.2
.85 .70 .53
10.4 8.9 7.95

60

193

54
3.62
.40
9.05

138
69
3.69
.40
9.2

57
73
2.63
.40
6.6

50

16l
38
2.21
.30
7.4

115
48
2.15
.30
7.2

17.5
51
1.53
.30
5.1

40

128
24
1.11
.20
5.6

92
30.5
1.085
.20
5.45

38
32.5
.78
.20
3.9

30

97
13.8
.484
.125
3.9

69
17.4
.465
.125
3.72

28.6
19.4
.35
-125
2.81

20

64

.138
.05
2.75

46
7.7
.137
.05
2.75

19
8.4
.098
.05
1.95
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Table 6-13

The UHP Draw For A Variable Speed Pump
(Apartment Building)

80% Speed 55% Speed
% Actual UHP UHP, Hr. UHP UHP, Hr.
Hr. Flow Flow Draw Draw Draw Draw
4 25 75 9 36 5 20
6 30 90 9.5 57 5,25 31.4
4 35 105 9.75 39 5.75 23
4 40 120 10 40 6 24
2 45 135 10.25 20.5 6.25 13
3 50 150 10.5 31.5 6.5 19.5
1 60 180 11 11 7 7
235 UHP 137.9 UHP
Day Day
235 + 137.9 = 186.5 UHP/Day; $2931/Yr.
2

In comparison the constant speed pumps would draw:

Single Pump = 261 BHP, Hr. = 301 UHP/Day; $4827/Yr.
Day x .85
Multiple Pump = 207.5 BHP, Hr. = 244 UHP/Day; §$3837/Yr.
Day x .85
Roof Tank = 85 BHP, Hr. = $1572/Yr.
Day x .85

Variable speed pump proposes savings in the apartment building
as contrasted with the multiple pump system. The apartment
building example has operating conditions most suited to variable
speed pump application:

e High order street pressure variation (30 psi to 60 psi)
® Relatively continuous high order flow draw

Given that street pressure is relatively constant, at 30 psig,
the variable speed pump would operate at a fairly constant 80%
speed at all times and UHP draw/day would approximate 235 UHP/day
and about $3694/Yr. Operating cost for the variable speed pump
would closely approximate multiple constant speed operating cost
when street pressures are constant, and when a relatively
continuous high order flow draw condition obtains.

Office buildings are illustrative of systems that have long
no draw time periods. Given a high order street pressure variation
(30 to 60 psig), operating costs for the example office system
would appear as follows:
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Table 6-14

The UHP Draw For A Variable Speed Pump
(Office Building)

80% Speed 55% Speed
% Actual UHP UHP, Hr. UHP UHP, Hr.
Hr. Flow Flow Draw Draw Draw Draw
12 0 0 7.5 90 3.75 45
1 20 60 8.5 8.5 4,75 4.75
4 30 90 9.5 38 5.25 21
6 40 120 10 60 6 36
1 60 180 11 11 7 7
207.5 UHP 113.75
Day
113.75 + 207.5 = 160.6 UHP, Hr. or About 2611/Yr.
2 Day
The comparison is as follows:
Single Pump = 225 BHP, Hr. = 265 UHP, Hr.;$4308/Yr.
Day x .85 Day
Multiple Pump (2 Pump) = 149.5 BHP, Hr. = 176 UHP, Hr.;$2861/Yr.
Day x .85 Day
Multiple Pump w/Lead = 119.5 BHP, Hr. = 140 UHP, Hr.;$2276/Yr.
Day x .85 Day
Roof Tank = 42.5 BHP, Hr. = 50 UHP, Hr.; $813/¥Yr.

Day x .85 Day

The comparison illustrates that despite high street pressure
variation, the effect of long time periods of low flow draw
establishes that the multiple pump system with a lead pump
operates at lower cost than the variable speed pump; $2276 per
year as against $2611/Yr, for the variable speed application.

Given a constant street pressure at 30 psig, operating cost
for the variable speed pump would increase to $3374/Yr.

The application area for variable speed pressure booster
pumps would appear to be for those systems which have a high order
street pressure variation in combination with a relatively
constant high order flow draw.

Comments on Pump Energy Conservation

The application area for multiple stages constant speed
booster pumps would appear to be for those systems which have
either a fairly constant street pressure or substantial time
periods of low flow draw. While the multiple stages pump system
appears to exhibit energy saving advantages over the variable
speed unit when either of the conditions stated above are present.
Advantages are compounded when both conditions obtain.

The generalities stated above are based on approximate
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matching of booster pump head output to actual system booster
head needs. For existing systems with overheaded pumps, pump
matching can be accomplished by impeller trimming at minor order
cost.

It is generally true that prior to impeller trimming, the
overheaded variable speed pump will operate at less cost than the
overheaded multiple constant speed pump system. The order of
cost saving will, of course, be dictated by the order of over-
heading and the system type. There may, for example, be no
appreciable savings if the overheaded system has long periods of
no flow draw.

The overheaded variable speed pump will react by operating
continuously at low speed. Operating at low speed implied low
drive efficiency. A reduction in impeller diameter will increase
pump speed and drive efficiency, decreasing operating cost.

The overheaded constant speed multiple pump system will react
to overheading by establishing continuous very high order pres-
sures drops (approximately 15 psi) across the PRV valve.

Impeller trimming will reduce this pressure waste and save
operating cost.

The discussion provides a method for evaluation of operating
costs for pressure booster systems, which should be applicable to
any building pumping system combination. The reader should be
aware that the time - flow draw approximation is only an
approximation. It is felt that the time-flow draw information
shown is highly overstated in terms of actual flow draw. It is
hoped that ASPE, together with ASME and the Bureau of Standards
can provide more valid time-flow draw information for various
building types.
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CHAPTER 7

PUMP OPERATION, MAINTENANCE AND TROUBLESHOOTING

Inspection After Shipment

After a pump is received from shipment, it should be in-
spected to determine if any damage occured during transportation.
The receiving party should check for such items as broken or
cracked castings; bent or broken seal by-pass lines; damaged
motor and coupling; loose nuts and bolts.

Most pump manufacturers cover the pump inlet and outlet ports
before shipment. A pump received with exposed inlet and outlet
ports should be checked inside the pump casing to insure against
its containing trash, dirt or other material picked up during
shipment.

If the pump is not installed immediately, the ports should be
covered before storage. Unpainted surfaces of iron pumps should
be oil-coated to prevent rusting.

While checking for physical damage to the pump, instructions
on proper pump installation, operation and maintenance should be
located. Most pump manufacturers attach this information to their
product.

This information often is lost in shipping, or discarded at
the job-site. If the receiving inspector does not find the in-
structions, the pump manufacturer or representative should be
contacted.

The instructions should be followed carefully to avoid pump
damage, operating troubles or possible voiding of warranty.

7.2 Mounting the Pump

A pump should be located as near as possible to the source of
liquid supply. This allows for the shortest run of inlet pipe to
the pump and results in the best possible pump inlet conditions.

The pump's location should be dry and well-ventilated. A wet
location is dangerous to service personnel and damaging to pumping
equipment.

Without adequate ventilation, motor temperature may rise
enough to cause thermal protection devices to shut off power to
the motor, or possibly burn it up. The location should also pro-
vide adequate accessibility for servicing.

The pump should be mounted to a flat foundation; clear of ir-
regularities; and substantial enough to absorb vibration and
support the equipment. Providing a separate foundation or pump
pad is the best way for mounting a pump unit.

The pad can be cast in concrete with embedded mounting bolts
properly sized and located for holding down the pump base plate.
In addition, the base plate should be grouted to the foundation
pad to minimize pump vibration and noise.

Embedded Bolts

When mounting close-coupled pumps (Figure 7-1), mounting
bolts should not be cast in the foundation. If they are, the unit
cannot be serviced without breaking pipe joints because the motor
cannot be moved from the pump casing.

Instead of mounting bolts, anchors should be installed in the
concrete pad to receive capscrews. The capscrews can be removed
to allow the motor to be moved from the pump casing for servicing.

Unless otherwise advised by the manufacturer, in-line circu-
lator pumps should not be installed with supports to the motor.
These pumps are designed to be supported by rigid pipe. Attempts
to support these pumps can create coupling misalignment, resulting
in coupling breakage, vibration, bearing failure, or other unde-
sirable conditions.
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If large pump equipment of appreciable value or high preci-
sion is required, it is recommended a pump manufacturer,
manufacturer's representative, or pump distributor be employed to
install or supervise installation. This will eventually insure
the unit is installed properly and the pump user will receive
proper operating and maintenance instructions.

Pump inlet piping should be as short as possible with a min-
imum of fittings. This reduces turbulence and provides the high-
est inlet pressure, both of which will affect pump performance.

A pump generates a pressure force that pushes liquid through
piping systems. Therefore, inlet piping is much more critical
than outlet piping. If any fitting is required in the inlet, it
should be installed at a minimum length of 10 pipe diameters from
the pump inlet. Any turbulence created by the fitting will then
be dissipated before reaching the pump inlet.

Pump inlet piping should always include a strainer. This
protects the pump from lost bolts, rags, etc. After the pump has
been in operation long enough to thoroughly flush the system, the
strainer may be removed.

Inlet piping to a horizontal split case pump should never be
installed as in Figure 7-2., This pump design almost always em-
ploys a double inlet impeller. The inlet pipe configuration in
Figure 7-2 would deliver more water to one side of the impeller,
causing an uneven hydraulic load and excessive end thrust, re-
sulting in poor pump performance.

PUMP SIDE VIEW

Figure 7-1.

PUMP TOP VIEW

Figure 7-2.
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I1f piped as shown in Figure 7-3, or with a straight section
of pipe between the elbow and pump, as in Figure 7-2, the inlet
pipe will deliver equal amounts of water to each inlet impeller
eye, eliminating the undesirable conditions.

Turbulence

Concentric pipe reducers should not be used in a horizontal
pipe, especially in the inlet pipe to a pump. As shown in
Figure 7-4, a reducer of this type will trap air and create tur-
bulence and noise in the piping system. An eccentric reducer in-
stalled as shown in Figure 7-5 will not trap air. Care must be
taken to install the eccentric reducer with the straight side on
top, or it too will trap air.

As shown by the standard piping arrangement in Figure 7-5, a
gate valve should be installed on both the inlet and outlet.
Then, the pump can be shut off, the gate valves closed and the
pump serviced without having to drain the pumping system.

A check valve should also be installed in the pumping sys-
tem's outlet pipe. This valve protects the pump against water
hammer and backflow. Should reverse flow be allowed through a )
centrifugal pump after operation has stopped, the pump may.turblne
backward at over twice the normal pumping rmp. Such rotational
speed could damage the pump.

Piping to and from a pump must be supported adequately inde-
pendent from the pump. Pipe flanges should meet pump flanges so
the flange bolts can be installed by hand. A pump is not
designed to support pipe load.

If flexible pipe connectors are necessary, they should be in-
stalled to prevent excessive strain on pump casing. The reason
is very important and can be understood by Figure 7-6.

This figure represents a flexible pipe connector between two
pipes. The pipes are capped on the ends. If pressure is intro-
duced into the pipe assembly, both caps are pushed and the
flexible connector stretched.

The same thing happens if the pipe caps are elbows and the
assembly is part of a pump. Consequently, a piping system using
flexible connectors must have a rigid pipe support between the
pumps and the connector. Flexible connectors always should be
installed with rigid pipe support (Figure 7-5).

Solid electrical conduit should not be fastened to the motor
or motor conduit box, unless required by electrical wiring codes.
Motor vibrations may follow the conduit to where the conduit is
fastened to the building, and transmit into the building struc-
ture.

To eliminate this possibility, the conduit should be fastened
to the motor, or motor conduit box, with a section of flexible
conduit, if local electrical codes permit.

PUMP SIDE VIEW

Figure 7-3,
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Figure 7-4.
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7.5 Alignment

Before operation, every flexible coupled pump should have
its coupling alignment checked. A pump manufacturer may align
the coupling halves before shipment. But, even if this is done
the alignment may be destroyed in transport. Also, when the pump
base plate is anchored to the foundation pad, the base plate may
distort enough to change alignment.

Jobsite coupling alignment should be done twice. First, it
should be checked immediately after the pump base plate is anchor-
ed and before the pump motor is energized. After the pump is in
service and the system has reached operating temperature, the
pump's coupling alignment should be checked again. Pipe expansion
and contraction due to pumping hot liquids often changes coupling
alignment.

Before operating the pump, the power supply for the motor
should be checked to insure the power supply matches the motor's
requirements. Normally, power supply voltage will exactly match
the motor's nameplate voltage. In practice, however, a 10 percent
variation is permissable. Voltage should always be checked at the
motor rather than at the power enclosure.

The pre-start-up electrical inspection will insure the elec-
trical inspector that motor protection devices meet electrical
codes. If required electrical equipment is properly installed,
pumping conditions cannot result in motor burn-out.

If the pump delivers more capacity than anticipated and over-
load the motor, electrical overloads de-energize the motor before
damage occurs. For three-phase motors, these overload devices
should be in the form of three-leg magnetic starter protection.
Recommended by manufacturers, these protective devices are re-
quired by most electric power wiring codes.

When a piping system is not electrically grounded, the pump
must be grounded to protect against short circuits and slight vol-
tage leaks. Such leaks can cause pump impellers to deteriorate
due to electrolytic or galvanic actions.

Direction

After electric power is connected to a three-phase motor, the
direction of motor rotation should be checked. If the motor is
not rotating the impeller in the proper direction, the direction
of rotation must be changed. This can be done by interchanging
any two of the three wires.

When rotation is checked, the motor must be energized only
momentarily. If the pump is not charged with liquid, the seal of
a dry pump may burn up even when the pump is run only a few sec-
onds. A mechanical seal operates in similar fashion to a slide
bearing, and needs liquid for lubrication.

Before starting the pump, both inlet and outlet valves should
be opened to prime the pump with liquid and flush air out of the
pump. If the top of the pump casing is fitted with a pipe plug,
the plug should be removed long enough to release any entrapped
air.

After the pump is charged with liquid, the outlet valve
should be closed to about three-fourths of its full turn. This
insures start-up of the centrifugal pump at minimal horsepower re-
quirements, while still permitting liquid to flow through the
pump. In a new system, this procedure can also be desirable to
slowly fill the system with liquid and avoid severe water hammer.

Open Outlet Valve

After the pumping system is completely charged with liquid,
and the pump is operating smoothly, the outlet valve should be
opened completely. The pump should be left in operation until
the system reaches operating temperature. At this point, the
discharge valve should be closed. The motor should be de-ener-
gized and the coupling alignment rechecked while the system is
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still at operating temperature.

The inlet valve should never be closed while the pump is op-
erating. This will create cavitation, which may damage pump
equipment. The pump should never be operated with both the inlet
and outlet valves closed.

When a centrifugal pump is running without delivering liquid,
turbulence in the casing may raise liquid temperature high enough
to damage pump seals, gall wearing parts, or even explode the pump
casing.

A centrifugal pump may be operated for a short time with the
outlet valve closed and the inlet valve open. Because of the open
inlet pipe, pressure would not build-up. Temperature, however,
will increase gradually in the pump casing. Therefore, the pump
should not be allowed to operate for any prolonged period with the
outlet valve closed, even if the inlet valve is open.

Maintenance Functions

The main function of maintenance is to keep the pump properly
lubricated to manufacturer specifications. Lubrication should be
performed before start-up as well as according to the prescribed
time interval during operation. Other specific maintenance in-
structions should also be followed.

An alert maintenance program will include a log of periodic
pump pressure gauge readings. The log should include inlet and
outlet gauge readings on initial system start-up and orderly peri-
odic readings during the life span of a pump unit.

If properly used, the log can warn of approaching problems.
Should a trend of increasing differential pump pressure be noted,
the operator should suspect some restruction being built up in the
pumping system. If a trend of decreasing differential pressure is
noted, the operator may suspect unusual increased capacity, or
pump deterioration. 1In either case, by watching the log data op-
erator would have time to schedule a convenient shut down to
inspect the pump and correct the problem. Without the log data,
the operator may be in danger of unsuspected pump failure, pipe
rupture, clogged pipe or strainer or other uncontrolled system
shut-downs.

If a spare set of pump bearings and shaft seals are not sup-
plied with the pump, the maintenance person should obtain them.
Shaft seals and bearings are the parts of a centrifugal pump which
may be most easily subjected to damage and wear.

After a seal starts leaking or a bearing fails is no time to
initiate purchase of spare parts. Good shelf life of both items
may be experienced if kept clean, dry and at a reasonable temper-
ature.

Anytime disassembly of a pump is required, the mechanical
seal should be replaced too. The price of the seal is small as
compared with other repair costs and unscheduled downtime. Re-
placing the seal can eliminate the need of future pump repair.

Except for periodic lubrication, most pump maintenance is
taken care of if the unit is correctly installed and placed into
operation. Proper preparation before operation is the backbone
of maintenance. In other words, maintenance attention will not
overcome problems resulting from poor installation.

Major Trouble Categories

Proper pump selection will normally insure satisfactory pump
operation. Occasionally, a pumping system does not perform as ex-
pected, and determining the specific problem may be difficult.

In general, common pump problems may be classified into the
four major categories listed below. Problems not fitting into one
of these categories usually need more detailed investigation than
suggested here. 1In such cases, a pump representative or distri-
butor should be consulted. The common pump problem categories
are:
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Pump Capacity
Motor Overload
Seal Leaks
Pump Vibration

Capacity Problems

Centrifugal pump capacity and head are closely related. A
pump head too low for system design requirements will not deliver
enough capacity. A pump head higher than system design require-
ments will deliver too much capacity. Consequently, head and
capacity problems are both included in the category of capacity
problems.

The outline in Figure 7-7 suggests a method of identifying
pump capacity problems. Capacity problems can be broken down into
the four areas listed below. The terms "head" and "capacity" re-
late to system design head and capacity.

Too much capacity with too much head

Too much capacity with not enough head
Not enough capacity with too much head
Not enough capacity with not enough head

Each step of investigation in Figure 7-7 presents two condi-
tions. The condition proven correct will lead to the next step,
and identification of the pumping problem.

For clarafication, assume the example of a system with insuf-
ficient capacity. First, determine if pump head is too high or
too low. If pump head is higher than required, the problem must
be in the system.

This situation leads to the next step of conditions. Either
the original system head-loss calculations are in error, or there
is an unexpected system restriction. If system head-loss calcu-
lations prove the original calculations are correct, then there
must be some unexpected restriction in the piping system. This
unexpected restriction may be a controlled restriction such as a
partially closed gate valve, or it could be a clogged pipe or
strainer, an air trap, etc.

Any of the four capacity problems may be solved by following
this step-by-step procedure. Simply determining pump head and
capacity conditions can immediately reveal if the problem is in
the system or the pump. This determination may not solve the
problem immediately, but confusion about where to search for
identification of the problem may be removed.

Motor Overload

In cases of motor overload, a natural reaction is to accuse
the pump of requiring excessive horsepower. In practice, however,
the most common causes of motor overload are:

® Voltage not within 10 percent of nameplate rating
® Motor wired to wrong power supply

® Wrong motor overload fuses for protectors

® Unbalanced three phase power

Figure 7-8 is an outline to assist in identifying motor over-
load problems. It presents the same step-by-step procedure as
FPigure 7-7. Since power supply problems are the most probable
causes of motor overload, that portion of the outline should be
checked first. If all power supply conditions are satisfactory,
the pump unit must then be investigated.

When the pump problem is hydraulic, the pump capacity is usu-
ally higher than system design regquirements. Figure 7-7 should be
used to identify the specific problem.

With high-head, low-capacity pumps, the problem may be
caused by too large an impeller diameter. This situation produces
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DESIGN ClAPACITY
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Figure 7-6. A Method of Identifying Pump

Capacity Problems.
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a higher head than required. But, the slight change in capacity
may not be detected readily.

Motor mechanical problems are usually easy to check. First,
the motor size should be checked against the pump performance
curve to determine if the motor horsepower is correct. If satis-
factory, the temperature of the pump room should be checked under
operating conditions. If ambient temperature is excessive, the
motor may not be able to dissipate heat properly, and can "trip
out"” electrically because of overheating.

Binding of rotating parts can be discovered by rotating the
pump shaft manually when the unit is shut off. Of course, shaft
deflection may occur during operation and cause rubbing between
the impeller and casing. This problem may not be apparent when
making the manual check.

In cases of pump binding, it may be necessary to seek help
from an authorized pump representative or distributor. If de-
sired, other items may be added to the outline in Figure 7-8.

Installing proper three-leg temperature compensated pro-
tection to three~phase motor installation cannot be overstressed.
If motor protection is installed properly, as required by most
wiring codes, motor burnout cannot be caused by pumping condi-
tions.

Seal Leaks
The most common causes of seal leaks are:
e Abrasive material in pumped liquid
® Liquid absence between seal surfaces
® Cracked carbon or seal seat
® Seal installed improperly

If seal leakage is caused by abrasive materials in the liquid
being pumped, grooves will be cut into the seal seat or carbon
washer, causing them to resemble a phonograph record. If abrasive
particles become imbedded in the soft carbon washer, the rotating
action of the washer will cut into the hard seat, similar to a
grinding wheel action. In this situation, the seat will be
grooved, but carbon grooving is questionable.

If abrasive particles are not imbedded in the carbon washer,
the washer will be grooved and wear away rapidly. In either sit-
uation, steps must be taken to remove abrasive material from the
seal cavity by straining, filtering, etc.

Liquid Absence Between Seal Faces

A mechanical seal serves two functions. First, it acts as a
check valve to prevent liquid leaking from, or air leaking into,
the pump. Secondly, it acts as a bearing slider. This second
function is necessary since relative motion exists between the
rotating carbon washer and the stationary seat. Any slider
bearing must be lubricated. The lubricant for the mechanical
seal of a centrifugal pump is the liquid being pumped.

The liquid in contact with the seal infiltrates between the
rotating carbon and stationary seat. This infiltration forms a
thin liquid film between the carbon and the seal. Should the
seal area be deprived of liquid, even for a few seconds of opera-
tion, the liquid film disappears and the carbon comes into rubbing
contact with the seat. Friction will bring rapid temperature in-
crease, causing seal surface cracking, carbon deterioration, or
both. Such failure may result from operating without liquid, or
by "boiling" liguid in the seal cavity.

Mechanical seal installation should be done with great care.
The rotation carbon is easily scratched, cracked or chipped by a
slight "bump." If the stationary seal is ceramic, the same
damage can occur. Unfortunately, the pump may be placed in ser-
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vice before such damage is detected. The stationary seat must be
installed carefully. If the seat is not properly aligned, leak-
age will occur since the seat face and the rotating washer face
are not pressed together evenly.

Persistent mechanical seal leaks also may be due to other
factors. Should the above observations fail to reveal the seal
leakage problem, assistance should be obtained from the pump
representative or distributor.

Vibration

The most common cause of pump vibration is misaligned cou-
plings or pipe strain. To insure against pump vibration,
couplings must be aligned during pump installation prior to start-
ing the pump.

On high temperature pumping applications, temperature in-
creases of pump parts may cause coupling misalignment due to
expansion of metal parts. An installer should shut off the pump
and align the coupling a second time after the pump has reached
operating temperature.

Should pipe be installed to transmit strain to the pump cas-
ing, vibration may also result. Such strain might cause binding
of rotating parts or undue bearing leading.

Fire Pump Maintenance and Operation

A fire pump must be depended upon in an emergency. There-
fore, it must be properly operated and maintained at all times.
It is desirable to have someone operating the pump and its driver
at the building site. A short test by the regularly scheduled
operators should be made each week by discharging water from a
convenient outlet.

When a fire alarm is actuated, unless the alarm indicates an
automatic fire pump is operating, the person responsible for the
fire pump should proceed to its location immediately. The pump
should preferably be put in manual operation and allowed to run
until the emergency is over, when it can be shut down manually.

During this and every other operating period, all related
equipment should be carefully checked to insure that it is per-
forming properly.

To prevent an excess number of starts and stops, an electric
motor controller is equipped with a timer which keeps the motor
running for at least one minute for each 10 hp motor rating (not
more than 7 minutes required). It is usually preferable with
most types of pump drivers to permit the unit to run until it is
manually shut down.

When there is more than one automatic fire pump, a prede-
termined sequence for control is arranged. Pump control from one
or more remote push buttons - which will start, but not stop the
pump - should be provided.

Also, if there is deluge valve control of an open discharge
device system, the pump may be started by a dropout relay pro-
vided with a closed circuit.

The cooling and lubrication of a centrifugal fire pump is
important. The pump must never be allowed to run without the
pump casing full of water. Close attention should be given to
the bearings and stuffing boxes, particularly during the first
few minutes of operation to determine that there is no heating
and/or need of further adjustment.

When water reaches the water seal, a small leak at the
stuffing box glands is often desirable. Suction inlet and dis-
charge outlet pressure gages should be read occasionally to see
the inlet in not obstructed by a choked screen or foot valve.

With a vertical shaft turbine-type fire pump, the water lev-
el can be observed when a visible supply is provided. If the
pump takes suction from a well, water level testing equipment
must be used. The ground water level at the pump should be
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checked regularly and the draw down should be determined during
the annual 150 percent capacity test. These tests normally should
indicate any important change in the ground water supply.

The direction of the pump's rotation and speed of operation
should always be checked.

Power Supply Maintenance

The source of pump power should also be checked. With an
electric motor drive this means a reliable current supply for the
motor and its auxiliary equipment. For steam turbine drive it
means providing a steam supply to the control valve and removal
of condensate from supply piping and/or turbine exhaust. If the
pump is driven by a diesel engine, there must be an adequate fuel
for each estimated operational hour. Also, batteries must be
fully charged.

Starting equipment must be tested periodically and carefully
checked. Any evidence of a drop in electric motor voltage or a
drop in steam pressure to a turbine should be investigated im-
mediately.

When employing a diesel engine driven crankcase, oil must be
replenished or renewed as needed and the oil filter, air draw and
automatic battery should be checked. The specified battery grav-
ity should be determined at least once a month.

INSTALLATION AND OPERATING PROBLEMS LIST

The following outlines suggest procedures of identifying pump
installation and operating problems:

1. Suction and discharge piping should be as short and straight
as possible to avoid excessive friction losses. Reducers in
the piping should be eccentric.

2. Pumps should not support piping.
3. Line sizes should not be smaller than pump nozzles.

4. Suction line size should be larger in diameter than the
pump's suction nozzle.

5. High points in suction piping, which can promote formation
of air pockets, should be avoided.

6. Pumps should be located below the suction side liquid level,
where possible.

7. A non-slam check valve should be installed in the discharge
piping to protect against sudden surges and reverse rotation
of the impeller.

8. Where the diameter of a discharge line is greater than the di-
ameter of a discharge nozzle, an eccentric increaser, check
valve and gate valve (in that order) should be used.

9. A line strainer in the pump suction piping should be provided
unless the pump is equipped with a non-clog impeller.

10. Pumps should be checked for correct alignment during instala-

tion.

11. Pump suction lines should be checked for tightness to avoid

drawing air into the pump. Entrained air tends to accumulate
in the center of the impeller and causes a reduction in de-
veloped head and air lock.
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13.

14.

15.

16.

17.

18.

When pump suction is directly connected to an open shallow
tank, baffles should be placed at the suction piping entrance
to break up any vortexes. This also causes the incidence of
the entrained air entering the pump to air lock.

When cavitation is diagnosed as the source of pump noise (char-
acteristically a crackling sound), installation of a throttling
valve in the discharge piping (to reduce pump capacity) should
materially reduce the problem.

Noise may arise from any of the following conditions:

a. Excessive velocities in the interconnecting piping or from
improperly supported piping.

b. Motor and/or bearing noise in high speed pumps

c. Poor selection with operating point substantially higher or
lower than manufacturer's recommended best efficiency point

d. Excessive vibration of pump or driver caused by misalignment,
bent shaft, loose mounts or unbalanced hydraulic forces act-
ing on impeller

e. Improper installation and sizing of the piping, which may
cause noise transmission to the building

f. Improper vibration mounting ocf pumps

Reverse rotation of impeller, or impeller installed in reverse
direction (though direction of rotation is correct), resulting
in substantially reduced developed head and capacity with high
power demand than the manufacturer indicates for measure flow
rate.

Lack of liquid delivery due to lack of prime, insufficient
available NPSH, clogged strainer, system total head exceeding
pump total head at zero capacity.

Loss of pump prime while operating due to loss of suction line
liquid seal, air leak or liquid vaporizing in suction line.

Excessive pump power due to excessive impeller speed, tight shaft
packing, insufficient clearance between impeller and casing,
higher than specified liquid density or viscosity, and other
contributing causes mentioned above.
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Appendix A

General Characteristics of Different Pumps

Normal
Construction Number a Solids
Pump Type Construction Style Characteristics of Stages Maintenance Tolerance Notes
Dynamic Type Pumps
Centrifugal Single-stage over- Impeller canti- 1 L M-H Capacity varies w/head
(horizontal) hung, process type levered beyond
bearings.

Two stage overhung Two impellers 2 L M-H Used for heads above_
cantilevered be- single-stage capability
yond bearings.

Single-stage im- Impeller between 1 L M-H Used for high flows to

peller between bearings, casing 1083 ft (330 m) head.

bearings radially or axi-
ally split.

Chemical Casting patterns 1 M M-H Have low pressure and
designed with temperature ratings.
thin sections for
high-cost alloys

Slurry Designed with 1 H H Low speed and adjust-
large flow pas- able axial clearance.
sages. Has custom control

features.

Canned No stuffing box 1 L-M L Low head capacity lim-
and motor en- its when used in chem-
closed in a pres- ical services.
sure shell.

Nozzles located in Multi L M Have moderate tempera-

Multistage, hor-
izontally split
casing

bottom half of
casing.

ture-pressure ranges.
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General Characteristics of Different Pumps

Normal
] Construction Number Solids
Pump Type Construction Style Characteristics of Stages Maintenance Tolerance Notes
Dynamic Type Pumps
Multistate, bar- Outer.cas?ng Multi L M Used for high temper-
rel type contains inner ature-pressure ratings
stack of dia-
phragms.
Centrigugal Single-stage, Vertical ori- 1 L M Used to exploit low
(vertical) process type entation. net positive section
head (NPSH) require-
ments.
Multistage Many stages with 1 L M Low-cost installation
low head per
stage.
Inline Inline installa- 1 L M Low-cost installation
tion, similar to
a valve.
High speed Speeds to 380 rps 1 M L High head/low flow.
heads to 5800 ft Moderate costs.
(1770 m) .
Sump Casing immersed 1 L M-H Low cost.
in sump for easy
priming & instala-
tion.
Multistage, Long shafts Multi M-H M Used for water well
deep well service.
Axial Propeller Propeller-shaped 1 L H Vertical orientation

impeller.
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General Characteristics of Different Pumps

Normal
Construction Number Solids
Pump Type Construction Style Characteristics of Stages Maintenance Tolerance Notes
Dynamic Type Pumps
Turbine Regenerative Fluted impeller. 1,2 H M Capacity independent
Flow path resem- of head. Low flow/
bles screw a- high head performance
round periphery.
Positive Displacement Pumps
Recipro- Piston, plunger Slow speeds 1 H M Driven by steam en-
cating gine cylinders or
motors through crank-
cases.

Metering Consists of small 1 M-H L Diaphragm and packed
units with pre- plunger types.
cision flow control
system.

Diaphragm No stuffing box. 1 H L Used for chemical
slurries. Can be
pneumatically or hy-
draulically actuated

Rotary Screw 1,2 or 3 screw 1 M M For high-viscosity
rotors. high-flow-high-pres-
sure services.

Gear Intermeshing gear 1 M M For high-viscosity,
wheels. moderate-pressure/

moderate-flow ser-
. vices.
Source: "Fluid Flow: pumps, pipes and channels," hv
a Nicholas P. Cheremisinoff, Table 18. Reprinted
L = low; M = medium; H = high. by permission.
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