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Preface 

The purpose of this book is to present, for the first time, a comprehensive and 
cohesive work on the major elements of manned submersible design. It is intended 
to be of use to individuals and organizations concerned with the design, construc- 
tion, operation, and/or certification/classiflcation of these underwater vehicles as 
well as to those who may be involved in the planning or management of ocean sys- 
tems utilizing them. The book should also be of use to those with paralleling inter- 
ests in unmanned submersibles, either remotely operated vehicles (ROVs) or 
untethered autonomous underwater vehicles (AWs). since numerous subjects dis- 
cussed are pertinent to the design of all underwater vehicles. 

The title of the book, Submersible Vehicle Systems Design, is indicative of its ori- 
entation and scope. The use of SubmersibZe Vehicle identifies its focus on the design 
of small. low speed, short endurance, underwater craft which are heavily depen- 
dent on external sources of support, such as surface ships, to accomplish their mis- 
sion. In contrast, the term 'submarine" is associated, by popular usage. with large, 
high speed, long endurance, self-sufficient vehicles used almost exclusively for mili- 
tary missions. However, the type of submersible considered in this book and the 
submarine have certain characteristics in common-both are untethered. or 'free 
swimming," manned vehicles possessing neutral buoyancy in the so-called sub- 
merged design condition. Consequently, a number of design principles are 
valid for both of these categories of vehicles. Indeed, much of the technology ap- 
plied to the design and construction of these submersibles was developed initially 
for submarines. 

The Systems Design portion of the title indicates the book's orientation toward 
the 'systems approach" to submersible design as presented in Chapter &The 
Basic Design Process." This chapter focuses on the design of a submersible not as 
an isolated system but as one of perhaps several individual systems comprising the 
total, or mission, system. Emphasized is the fundamental that it is the design of 
the mission system which must satisfy a given set of mission requirements in an 
optimal manner. Design, in the title. also indicates the book's orientation toward a 
synthesizing procedure in which knowledge and techniques pertinent to the design 
process are assembled and utilized as 'tools" without undue concern for associated 
theory. Consequently, this book is not intended to be a treatise on hydromechanics, 
structural analysis or other theoretical areas of interest. Rather, it is concerned 
essentially with the application of theory-the presentation of theory itself being 
held to a minimum consistent with the clear development of the subject at  hand. 
Where appropriate, theory and other background material are found in references 
at the end of the chapters. 

to the submersible design process discussed in Chapter I. Very brief overviews of 
these chapters are given to provide an overall perspective of the book. 

Chapter I. The  Basic Design Process," is initially concerned with the entire de- 
sign process for the mission system of which the submersible is but one of its indi- 
vidual systems. The submersible system is then isolated from the mission system 
for a detailed consideration of the design process involved and of essential input to 

The book is composed of eight chapters-seven of them providing essential input 
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PREFACE 

this process. Basic design procedures, involving the conceptual and preliminary 
design phases, are discussed with guidelines for conceptual design being presented. 

Chapter 11, 'Characteristics and Development of Submersibles," is introduced 
with a historical review of submarine development to provide background on the 
source of much of the technology which has been applied to submersible develop- 
ment. Modern submersible development and various types of submersibles, both 
manned and unmanned. are presented to give an overview of this field of technol- 
ogy. Specific examples of submersibles designed and constructed in the United 
States and abroad are given and data listed to provide the reader with some appre- 
ciation of the range of submersible characteristics. 

Chapter 111, The  Environment," provides essential information on the nature of 
the environment in which submersibles operate-this environment being sub- 
divided into the atmosphere, air/sea interface and the water column. The physical 
properties of sea water and the dynamical processes occurring in these subdivi- 
sions of the environment are sources of so-called mission external design con- 
straints on the submersible design which must be thoroughly understood by the 
designer. Of pertinent, but more general, interest is the Chapter's section on the 
geography of the worlds oceans which discusses the nature of the sea floor areas 
of the world. 

Chapter IV. 'Materials," contains a detailed discussion of materials used for sub- 
mersible structural, buoyancy/ballast, and other systems. As was the case for envi- 
ronmental factors, the characteristics of materials in the presence of these factors, 
particularly pressure, temperature, and salinity, become mission external design 
constraints which must be understood by the designer in making correct selections 
of materials for particular applications. The Chapter contains extensive data and 
other information on materials to provide design guidelines. 

Chapter V. "Hydromechanical Principles," focuses on engineering principles 
associated with the hydrostatic and hydrodynamic naval architectural aspects of 
submersible design. Various types of submersibles from the hydromechanical view- 
point, both manned and unmanned, are discussed as introductory background. De- 
tails of submersible hydrostatics are presented based on the type of submersible 
having these criteria for the so-called submerged design condition-neutral buoy- 
ancy, zero trim/list, and positive statical stability. Hydrodynamic principles pre- 
sented are those related to the resistance/propulsion and motion stability/control 
aspects of design. 

Chapter VI, 'Structural Principles," is concerned with engineering principles 
underlying the structural design of submersibles. In this regard, three categories of 
structure are considered-the pressure hull, exostructure or main structure exter- 
nal to the pressure hull, and appendages to the main body of the submersible. Ex- 
amples of various types of these structures are provided. 

Chapter VII. 'Submersible Vehicle Support Systems," considers systems other 
than the submersible which may comprise a mission system-speciflcally. land. air, 
and sea transportation systems, handling systems, navigational and positioning 
systems, and maintenance and repair facility systems. The Chapter's purpose is two- 
fold-1) to aid in the selection of support systems to form, with the submersible sys- 
tem, a mission system meeting mission requirements within specified constraints 
and 2) to provide information on the constraints, called mission internal design con- 
straints, which these systems place on each other, particularly on the submersible. 

Chapter VIII. "Design and Operating Safety," is the third chapter in this book to 
discuss sources of mission external design constraints placed on the design of a 
submersible-the sources, in this instance, being rules and regulations pertaining 
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PREFACE 

to safety considerations for the design and, additionally, the operation of the 
submersible’s systems. Background is given on entities concerned with submers- 
ible safety, such as the U.S. Navy and classification societies, and specific safety re- 
quirements of these entities are given. 
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Chapter I 
The Basic Design Process 
E. E. Allmendinger 

1. Introduction 

HIS CHAPLER is concerned with the basic design 
of manned submersible vehicle systems and, T in a general sense, with the overall systems of 

which they are a part. There are many ways of 
pursuing the design process, each varying in detail 
according to time-honored procedures followed 
by design organizations and to the simplicity or 
complexity of the overall system in question. Con- 
sequently, no attempt is made herein to present 
the way of pursuing this process. Rather, guidelines 
are presented illustrating fundamentals and con- 
cepts that may be applied, in one form or another, to 
a broad spectrum of approaches to the design of 
these systems. Certain of these fundamentals are 
also useful in the design of unmanned submersibles, 
or remote-controlled vehicles as they are usually 
called. 

Section 2 presents perspectives of the submersible 
and its supporting systems, the total system being 
called the mission system, and the overall design and 
associated processes involved in the development of 
this system. The pertinence of this perspective be- 
comes apparent when one considers the fact that 
small submersibles, unlike large submarines, are 
incapable of operating alone. They must be assisted 
by other systems in order to accomplish underwater 
tasks. At the very least. they must be supported by 
shore-based facilities, housing maintenance. repair 
and administrative activities, and by ships providing 
transportation, launching and retrieval services, 
underwater navigational support, and at-sea main- 
tenance and repair facilities. More complex mission 
systems may also include other support systems 
such as land-transport vehicles, air-transport ve- 
hicles, satellites, seafloor-based transponders, and 
even submarines. The submersible and other sys- 
tems constituting the mission system, whatever it 
may be, must work in concert with each other to 
accomplish the mission tasks in the most efficient 

manner possible. Thus, it is important to view this 
collection of individual systems as a whole-being 
aware of their interactions and remembering that the 
cost of accomplishing underwater tasks is the cost of 
the mission system and not the submersible's cost 
alone. 

Section 2 presents, in Fig. 1, a way of viewing the 
submersible and its supporting systems, both as 
individual systems and as they are combined to form 
the mission system. This view facilitates discussions 
of the design goals which involve design optimization 
and consideration of design constraints. The back- 
ground of design optimization is developed as based 
on cost-effectiveness criteria and is diagrammed in 
Fig. 2. Constraints on the design of the mission 
system, as will be seen, include mission external and 
mission infernal design constraints and design cri- 
teria. They are indicated in Fig. 1. 

Section 2 also discusses three processes associ- 
ated with mission system design or the design of any 
of its individual systems including the submersible- 
the pre-design, design, and post-design processes 
which are diagrammed in Fig. 3. The pre-design 
process involves the potential user/owner of the 
system to be designed and is concerned with the 
development of the primary input to the design pro- 
cess-the mission statement and mission require- 
ments. The design process conceives the mission 
system that is feasible and meets the mission re- 
quirements in as optimal a manner as possible. It is 
divided into basic, contract, and detail design 
phases-basic design being subdivided into concep- 
tual and preliminary design stages. An overview of 
conceptual design, essentially involving feasibility 
studies, is diagrammed in Fig. 4. Finally, the post- 
design process is composed of three activities 
which are discussed briefly-construction and alter- 
ation of 'new" and 'existing" individual systems of the 
mission system, test and evaluation, and operation 
Experiences gained from these activities form, collec- 
tively, important 'feedback" input to the design of 
future systems. 

1 



CHAPTER I 

Succeeding sections of this chapter focus exclu- 
sively on the basic design of manned submersibles. 
Section 3 provides a description of submersibles in 
general-considering these systems, in turn. to be 
composed of a number of individual systems as 
illustrated in Fig. 1. The titles of these systems are 
derived from the U.S. Navy's 'Ship Work Breakdown 
Structure" (SWBS)-this document also being fol- 
lowed, to the extent feasible, in discussions of system 
components. 

Section 4 discusses inputs to submersible design, 
dividing them into two categories-inputs which fur- 
nish guidance for the design and those which impose 
constraints on it. Guidance inputs discussed include 
mission/perfnnance requirements. the latter being 
derived from the former, and post-design experi- 
ences. Constraint inputs, as discussed for mission 
systems, are imposed by mission external and inter- 
nal design constraints and design criteria. As will 
become evident, constraints come from many 
sources, making a comprehensive treatment of them 
beyond the scope of this chapter. Consequently, the 
presentation of this subject is detailed only to the 
extent necessary to convey an impression of the 
nature of the various constraints involved. Other 
chapters of this publication present details of the 
more important sources of constraints. 

Section 5 concerns the basic design of manned 
submersibles, focusing primarily on their concep- 
tual design. The development of conceptual design 
alternatives and the bases for selecting the optimum 
alternative, technicaZfeasibUity and cost-eg&ueness, 
are discussed. The empiricaZ and systematic para- 
metric analysis approaches to conceptual design are 
considered. The empirical approach is modelled by 
the desfgn spiral. and the parametric approach is 
illustrated with an example of a design optimization 
program contained in the Appendix to this chapter. 

Submersible design-related references are given 
at the end of the chapter. I t  should be noted that 
Manned Submersibles. by R. Frank Busby, is con- 
sidered by the author to be a companion piece to this 
and other chapters. It is an excellent source of gen- 
eral and detailed information and data on these 
vehicles. 

2. An Overall Perspective 

2.1 Overview of Mission and Submedble Systems 

A system is any object or process, or group of 
objects or processes, created to serve some useful 
purpose or mission, the mission being defined by a 
set of mission requirements. Such a system may be 
called a mission system to differentiate it from other 
system categories to be discussed presently. It is 
often convenient to picture a system as isolated from 
its surroundings by a boundary for the purpose of 

studying its internal behavior and interaction with 
its surroundings. Figure 1 provides such a diagram. 
in this instance showing a mission system designed 
to serve one or more underwater missions. Note that 
the mission system boundary encloses M indiuidual 
or (I) systems, each enclosed by its own boundary, 
illustrating the aforementioned fact that the mission 
is accomplished by a submersible supported by other 
systems. The mission system diagram in Fig. 1 pro- 
vides an example of these (I) systems in which it is 
assumed that mission requirements dictate the 
needs, among others, for the submersible's transpor- 
tation by air and on the surface of the sea as well as 
for its launching, recovery and support while sub- 
merged. As shown, (11) is the submersible, (I,) a 
transport aircraft. (Id a surface support ship, and so 
forth-the last individual system, whatever it may be, 
is designated (Id. 

The design of many mission systems begins with 
most of the potential (I) systems already existing and 
some nonexisting. In the foregoing example, for in- 
stance, the aircraft and surface ship may already 
exist while the submersible does not exist. Existing 
systems require from no to extensive alterations to 
convert them to (I) systems, within a particular mission 
system, with commensurate amounts of design ef- 
fort, construction and costs involved. Obviously, the 
extent of alterations required is a primary considera- 
tion in choosing between candidate (I) systems. Non- 
existing (I) systems, of course, must be designed and 
constructed 'from scratch" and are often the most 
costly of these systems. 

Fig. 1 shows the manned submersible system 
isolated from the mission system. Again, note that 
the submersible's boundary encloses N indiuidual or 
(S) systems. Examples of (S) systems shown in the 
figure include (Sl) hull structure, (&) propulsion 
plant, (a electrical plant systems, and so forth-the 
last system being (SN). The 'N" term can be any 
relatively small number depending on the accounting 
system used by the design organization. The U.S. 
Navy's SWBS is used herein in which N is either 6 or 
7 as indicated. Note also that in the submersible 
system shown in Fig. 1 the (S) system boundaries 
enclose 'f (SS) subsystems. For example, the (Sl) 
hull structure system would enclose the (SISI) shell 
plating (the pressure hull), (S1S2) longitudinal and 
transverse framing (the exostructure), and so forth 
according to the SWBS. Although not shown in the 
figure, subsystems in turn can be broken down into 
yet smaller systems. One can visualize this 'boxes 
within boxes" procedure extended until every last nut 
and bolt of every (S) system is isolated, itself, as a 
system. It will suffice to say here that systems break- 
down becomes increasingly fine as the design pro- 
cess advances. 

The design of any (I). (S). or smaller system also 
begins with at  least some of its individual systems 
existing. These existing systems, requiring no or 

2 



THE BASIC DESIGN PROCESS 

The Mission System and Design Inputs 

MISSION Lrl 
-PERFORMANCE REQUIREMENIS I 

Surface Ship 
(for example) 

Mission System 
Boundary 

(I) System 
Boundary 

mail 
(for example) 

'Environmental 
Technological \A Economical 

sociological > 4 
I3 - I M  DESIGN Legal/QUasi-Legal 

CRITERIA 
Physiological 

MIDC Psychological > 
I1 POST-DESIGN 4 

EXPERIENCE 

'. -. 
-*... 

.. ..,* Submersible Vehicle (I) System .. 

Submersible 
(I) System 
Boundary 

(S) System 
Boundary 

(SS) Subsystem 
Boundary 

I '  I I I 

Fig. 1 The mission system and its subsystems 

small modifications. are often referred to as "off the 
shelf" items. Their use significantly reduces costs. 

2.2 The Design Goal 

It is the mission system, and not necessarily any 
of its individual (I) systems, which should achieve the 
design goal of satkhing agiven set of mission require- 
ments in as optimal a manner as possible considering 
the design mnstraints acting. This statement intro- 
duces the topics of design optimization and design 
constraints which are discussed briefly in the follow- 
ing paragraphs. 

Submersible (S) Systems 
(According to the "SWBS' System) 

S1 - Hull Structure 
Sz - Propulsion Plant 
S3 - Electrical Plant 
S4 - Command/Survefflance 
S5 - Auxiliary System 
Ss - Outfit and Furnishings 
S7 - Armament (for Submersibles 

with Military Missions) 

2.3 Design O p t h h ~ o n  

Optimizing a mission system's design is usually 
based on max i r ing  its cost-eflectiueness (CE) to the 
extent possible given the constraints acting. This 
process may vary from relatively simple to complex 
depending on the nature of the mission system. In 
general, it requires extensive economics and experi- 
ential data and the use of sophisticated techniques, 
the descriptions ofwhich are beyond the scope of this 
presentation. The purpose here is to convey an ap- 
preciation for what this process involves and for some 
of the major design considerations entering into it. 
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CHAPTER I 

Maximizing cost-effectiveness essentially means 
arriving at one of many solutions to the design 
problem. posed by mission requirements and design 
constraints, which identifles the mission system best 
able to accomplish the mission task(s) at least cost. 
For a mission system including a manned submers- 
ible as one of its systems, one way of expressing this 
statement as an equation is 

CE missiontask 
1 cost -= 

(1) 
- dive days operating costs / year - 

mission task dive days / year 

The Arst term of the equation's right side is the 
measure of the system's expeditiousness in perform- 

ing given underwater tasks. The second term is the 
mission system's cost per diw day, which is 'bottom 
line" economic data for system operations. Optimiza- 
tion results from minimizing 1 /CE or maximizing CE 
itself. Figure 2 shows a breakdown of considerations 
involved in mission system cost-effectiveness studies. 
Dive days per mission task, as indicated in Fig. 2, 

can be expressed as hours per mission task (once the 
submersible is on task site) divided by on task-site 
hoursperdive duy-this ratio reflecting the effective- 
ness with which tasks are accomplished. I t  is evident 
that this ratio should be as small as possible consid- 
ering capital and operating-cost constraints. It is also 
evident fiom Fig. 2 what characteristics of the sub- 
mersible and other (I) systems are involved in at- 
tempting to minimize hours per mission task and 

Gmortization of capital costs 

/&-operating 

operating 
days per year 
(exduding dive 
, days per year) 

hours per day 

- I +  24hours minw 
per day 

submerged 
hours per day 
(excluding 
on task-site 
hours per day) 

-&station in transit +:? 

N dives per day X (launch hours per dive 
+ retrieval hours per dive) 

N services per day X (hours per servicing) 
+ residual "on deck" hours 

dives per day x (descent hours per dive 
+ search and/or transit hours per dive 
+ ascent hours per dive) 

Fig. 2 Mission system cost-effectiveness 
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maximize on task-site hours per dive day. In the first 
instance, for example, effective on-site utilization of 
time is dependent on the capabilities of instrumen- 
tation and equipment carried on the submersible to 
perform tasks and on the expertise (personnel train- 
ing) with which they are used. In illustration, con- 
sider a manipulator. Its manipulative capabilities 
and the expertise with which they are used by the 
human operator are important influences. But there 
may be antagonistic considerations met in attempt- 
ing to minimize hours per mission task in this illus- 
tration-the most capable. and also available and 
reliable, manipulator may also be the most expensive 
alternative which acts adversely on the second term 
of the equation. Cost-effectiveness considerations in 
feasibility studies are based on the h e  art of making 
judicious compromises in order to arrive at the opti- 
mum overall solution to the design problem. 

Maximizing on task-site hours per dive day to the 
extent feasible involves, in turn, minimizing to the 
extent feasible topside and submerged hours per 
day-this time being necessary but unproductive. As 
seen in Fig. 2, topside time primarily includes 
launch/retrievaZ and servicing times. Most of these 
systems launch submersibles quite expeditiously if 
there is reasonable compatibility between these (I) 
systems, although some systems require more 
launching crew than others. Retrieval time begins 
when the submersible surfaces and ends when it is 
on deck-a much more time-consuming evolution 
than launching unless the submersible is tethered, 
particularly in adverse sea-weather conditions. Sub- 
mersible surface characteristics, such as freeboard, 
are helpful in reducing retrieval time as is the method 
of 'pick-up" employed by launch/retrieval systems. 
In this regard, the single-point lift over the stem is 
considered by many as the superior method. Surface 
communication linkages, stressing effectiveness in 
poor sea-weather conditions and providing for emer- 
gency situations, can also reduce retrieval time. Ser- 
vicing time primarily involves energy replacement 
and pre- and post-dive check-out of the sub- 
mersible's systems. Energy replacement time can be 
reduced by submersible characteristics such as a 
storage system using replaceable, modular battery 
packs. Minimizing servicing of submersible systems 
emphasizes the importance of design features stres- 
sing simplicity, ruggedness. reliability. maintainabil- 
ity, and accessibility of these systems. I t  must be 
remembered that servicing instruments and equip- 
ment at  sea is apt to be much more difficult and 
time-consuming than at a shore base. 

Submerged time, excluding on task-site time, in- 
cludes descent, searchand transit, and ascent times. 
Reduction of descent and ascent times focuses en- 
tirely on the submersible, if untethered, and its 
characteristics. such as a streamlined form, which 
increase descent and ascent velocities. These char- 
acteristics become increasingly significant as the 

maximum operating depth increases. Tethered sub- 
mersibles have added concerns related to the char- 
acteristics of tether-management systems. Reduc- 
tion of time expended in searching for the task site 
or in submerged transit between sites draws atten- 
tion to the capabilities of underwater navigation 
systems which involve the characteristics of com- 
munication linkages between the submersible and 
other (I) systems such as the surface support ship 
and bottom-anchored transponders. 

The second term of the cost-effectiveness equation 
is operation cost per year divided by dive days per 
year or cost per dive day. Operating cost per year, as 
indicated in Fig. 2, usually includes amortization of 
capital cost of the (I) systems-either as they are 
newly constructed, or altered, existing systems. It is 
dependent, of course, on the choice of (I) systems 
composing the mission system from an economic 
perspective. Emphasized is the need for these choices 
to consider both capital and annual operating costs 
of these systems as well as their collective ability to 
satisfy the mission requirements. In this regard. it 
must be remembered that the objective is to minimize 
the cost per mission task. which does not necessarily 
mean minimizing these costs for each (I) system of 
the mission system. 

Dive days per year, of course, are the only poten- 
tially productive days of the year-the only days 
when submerged operations are conducted. Conse- 
quently. their number should be maximized to the 
extent feasible which, in turn, requires that the 
remaining days' number should be minimized to the 
extent possible. As shown in Fig. 2, these days are 
divided into non-operating and operating days. ex- 
cluding dive days. Non-operating days, or Zayup 
days, include those which must be set aside for 
activities such as overhaul, reg, inspection/certi@a- 
tion procedures, and so forth as well as idZe days 
resulting Erom unemployment. If the 'must" activities 
are not conducted on a yearly basis, the number of 
days so utilized should be averaged over the years 
involved. Thus, if they occur in a block of time over 
two years, each year should be charged with one-half 
of their number. Idle days can be included, if desired, 
based on experience-remaining constant for studies 
leading to selecting the optimum design. 
Operating days per year, excluding dive days, 

include in-port, in-transit to and between stations, 
and on-station nonclive days. In-port days include 
those necessary for preparing for the voyage and 
providing personnel with a respite from rigors of the 
sea. Their number is dependent on the characteris- 
tics of the port and support ship, principally from the 
view of cargo handling and fueling, and on manage- 
ment policy regarding shore leave. In-transit days 
depend in number on voyage distances, average 
sea-weather conditions enroute, and on the support- 
transport ship characteristics regarding its speed 
and seakeeping abilities. On-station days, in general, 
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are those days when the transport-support ship is in 
the desired location for deploying the submersible. 
The number of nondive days on station depends on 
sea-weather conditions, the motion and position- 
keeping characteristics of the ship, the capabilities 
of the launch/retrieval system, and the material 
condition of the submersible. 

Minimizing the number of unproductive days per 
year to the extent possible involves two sets of con- 
siderations: those focusing on the design of the 
mission system and those concerned with all aspects 
of its management. The first set of considerations is 
of interest here. 

The design of the mission system should lead to 
the selection of its (I) systems and their characteris- 
tics which tend to reduce the number of unproduc- 
tive days. In this regard, important considerations 
include (1) basic design philosophy, (2) speed of 
transit to, h m ,  and between stations or operating 
areas, (3) endurance of the support system, (4) main- 
tenance and repair facilities, and (5) limiting 
weatherhea-surface conditions for operation and 
survival. 

Consideration (1) focuses on the virtues of keeping 
0) system components as simple and rugged as 
possible. thereby promoting system safety and reli- 
ability. As will be seen, this philosophy encourages 
use of the design criterion that designs, particularly 
of critical systems, be based on state-of-the-art tech- 
nologies-that is, on proven technologies. The con- 
tributions of this philosophy to increasing dive days 
per year, as well as to operational safety, are obvious. 

Consideration (2) focuses on the speed require- 
ment for the (I) system providing transportation- 
usually a surface ship. This speed should be as high 
as feasible, and the ship's seakeeping characteristics 
should permit its maintenance under reasonably 
adverse sea conditions. This consideration may also 
lead to the choice of more than one system for 
transportation, particularly if mission requirements 
emphasize high in-transit speeds or short response 
times. The use of an aircraft to fly a submersible and 
associated gear to a distant port to be placed on 
board a surface ship is a case in point. 

Consideration (3) involves the ability of the sup- 
port system to remain at sea for a specified length of 
time, which is usually given as a mission or perfor- 
mance requhment. It is concerned with character- 
istics such as fuel, freshwater, provisions and stores 
capacities, and habitability. Habitability has to do 
with all aspects of design relating to human comfort 
and is directly related to endurance of personnel and 
the level of work performance. It increases in impor- 
tance as endurance increases. 

Consideration (4) includes facilities that are vital 
to the success of the mission as well as to reducing 
the unproductive, on-station time-facilities that 
maintain the submersible in a state of operational 
readiness. They may be an integral part of the sup- 

port system or another (I) system closely associated 
with the submersible. In the latter instance. these 
facilities are housed in portable vans which are 
outfltted at the shore facilities and secured to the 
deck of the support ship for the cruise. In both 
instances, the facilities include personnel trained in 
specific areas of technology such as mechanical and 
electronic technicians. These persons. including the 
pilot, are referred to as the 'submersible's crew" to 
differentiate them from the 'ship's crew" and other 
groups of personnel on board. 

Consideration (5) involves two environmental fac- 
tors: weather conditions, with visibility and wind 
forces being principal concerns. and sea-surface 
conditions as measured by sea-state numbers from 
0 to 9. severity of conditions increasing as these 
numbers increase. One or both factors, if adverse, 
can cause a serious increase in unproductive in- 
transit and on-station time as well as endangering 
sunival of any transport-support system subjected 
to these elements. Consequently, the design or 
choice, or both, of (I) systems should consider ways 
and means of reducing this unproductive time to the 
extent possible. The three (I) systems primarily in- 
volved are the tramport-support, submersible, and 
launch--wry system. 

The major transport-support system has been, 
and is currently, a mono-hull surface ship. From the 
perspective in question, important characteristics 
include (1) its seakeeping characteristics permitting 
speed to be maintained under reasonably adverse 
sea conditions, (2) its motion characteristics en- 
abling it to provide a relatively stable working plat- 
form at higher sea states, and (3) its survival char- 
acteristics permitting it to proceed in-transit or 
remain on station with safety at high sea states. In 
recent years, safety and economic concerns with 
limiting operating and survival sea states have given 
rise to consideration of nontraditional transport- 
support systems, including semisubmersible ships 
and submarines. Semisubmersible ships are more 
'transparent" to wave action than mono-hull ships 
thereby furnishing more stable working plafforms 
under given sea conditions. The use of submarines 
leads to a 'a break with the surface" altogether. This 
system choice may become inevitable when operating 
areas involve other surface conditions such as bro- 
ken or solid ice fields. 

Submersible design, from weather-sea considera- 
tions, should be concerned with increasing the dive 
time per on-station time ratio to the extent possible. 
This concern focuses on an extremely critical phase 
of manned submersible operation: its retrieval after 
launching. This phase is always carefully considered, 
in the light of anticipated weather-sea conditions, in 
making decisions to initiate a dive or to terminate 
it once in progress-decisions, of course, which 
directly affect the dive time per on-station time 
ratio. From this view, design features include those 
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(1) enhancing the submersible's surface condition. 
primarily providing adequate freeboard and height of 
access hatch above the waterline, (2) improving sur- 
face communications and means of being located, 
and (3) facilitating launch-recovery procedures 
through the reduction of its size and weight to the 
extent possible. As will be seen, (1) and (3) present 
the designer of manned submersibles with distinct 
challenges. 

Launch-recovery system design, like submersible 
design, should also be concerned with increasing the 
dive time/on-station time ratio and for the same 
reason. Several types of this system exist-perhaps, 
as previously indicated, the most common being the 
single-point lift, constant-tension, A-kame system 
located at  the support ship's stem. Of the three 
systems being considered, it is the one which usually 
sets limiting sea states for operation owing to, essen- 
tially. two factors: (1) the requirement for it to func- 
tion safely and effectively at the interface between the 
submersible and support systems which usually 
have highly mismatched motion characteristics in a 
seaway and (2) the necessity for most types of this 
system to have divers in the water when handling 
untethered submersibles. Factor (1) creates the po- 
tential for developing dangerously high dynamic 
loads and submersible-ship collisions if extreme care 
is not exercised by the system's operator. Factor (2) 
can lead, of course, to hazardous situations for the 
divers in all but the lowest sea states. Motion mis- 
match must usually be accepted if the support sys- 
tem is a conventional surface ship. Consequently, 
improvements in the design of the launch-recovery 
system that address this problem, as well as obvi- 
ating the need for divers, are required to raise 
on-station productive time. One possibility involves 
the use of a remote handling system in which the 
submersible is launched and recovered while sub- 
merged at  a depth of minimal surface-wave action-a 
solution which also removes the need to emphasize 
the submersible's surface operating characteristics. 
The choice of other transport-support systems, such 
as semisubmersible ships and submarines, may also 
be considered in an effort to raise the mission 
system's productivity from this point of view. 

2.4 Design Constraints 

There are numerous design constraints imposed 
on the mission system and its individual systems. 
They may be placed into one of three categories: 
mission external design constraints. mission internal 
design constraints, and design criteria. 

Mission external design constraints (MEDct-As 
shown in Fig. 1, sources of MEDC lie outside, or 
external to, the mission system boundary, indicating 
that they are independent of all mission considera- 
tions: that is. they exist irrespective of the mission 

system in question. MEDCs imposed on system de- 
sign may come h m  a few or several of the following 
sources: (1) environmental. (2) technobgical. (3) eco- 
nomkaZ, (4) ZegaZ/quasi-Zegal. (5) poZiffcal. (6) socio- 
Z~icaZ, (7) physioZcyiCaZ, and (8) psychoZogkciL The 
designer's control over MEDCs varies from none to 
considerable. For instance, he has no control over 
the environmental parameters such as pressure, 
temperature, salinity, and energy-propagating char- 
acteristics. He must accept them for what they are, 
clearly recognizing the constraints they impose on 
the design. On the other hand, the designer can, for 
example, exercise some control over technological 
constraints associated with materials by selecting a 
speciAc material for, say, the pressure hull of the 
submersible. However, once the material has been 
selected, the design is constrained by its metallurgi- 
cal properties. 

MEDCs from several of these sources usually vary 
with the passage of time. For instance, technological, 
economic and legal considerations and situations 
may change between the inception of a system's 
design and its construction. Anticipating these 
changes and allowing for whatever impact they may 
have on the design often improves the system's per- 
formance. Changes in technological constraints are 
particularly important to anticipate. In this regard, 
envision a Technology Status Scale" marked from 
left to right with status indicators 'Concept," 'Re- 
search and Development," 'Experimental," and 
'State-of-the-Art." The scale indicates that all sys- 
tems at any level of the 'boxes-within-boxes" scheme 
advance, with time, from birth as a concept on paper 
through the intermediate status levels where they are 
either promoted or discarded, the promoted systems 
eventually reaching the Anal status level. 'State-of- 
the-art" status means that the system has accumu- 
lated a favorable history of operating experience. 
Because safety and reliability are key attributes as- 
sociated with this status, the choice of critical sys- 
tems is always based on it. Noncritical systems may 
be selected on the basis of a lower status level for 
compelling reasons. As an example of anticipating 
changes in these levels, consider a relatively new 
battery which has advanced from 'concept" to 'ex- 
perimental" status and is currently installed on a test 
vehicle where 'debugging" is in progress. Its  high 
energy-density (watt-hours per pound), as compared 
with lead-acid and silver-zinc batteries, makes it a 
potentially attractive energy source for a submers- 
ible. The question faced by the designer is: should 
the battery, considered to be a critical system, be 
incorporated into the submersible's design now in 
anticipation of its achieving 'state-of-the-art" two 
years hence when it will be installed, or should the 
design use a current 'state-of-the-art" battery? Cor- 
rect answers to such questions have the potential for 
placing the submersible, or any hished product, 
well ahead of its competition in performance. These 
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answers, of course, involve cost considerations. In 
this regard, it should be observed that system costs 
tend to decrease with increase in time in 'state-of- 
the-art" status-due to increasing confidence in and 
demand for the system. In summary. then, although 
design conservatism may indicate otherwise, the de- 
signer should at least be fully aware of this consid- 
eration and should exercise anticipatoryjudgment as 
warranted. 

Questions similar to those preceding also serve to 
focus attention on technological areas whose prog- 
ress along the "Technology Status Scale" requires 
expediting. In this instance, the basis for decisions 
lies in the ability to anticipate future missions and 
their mission requirements. The difficulty of this task 
increases with the number of years involved in the 
projection. Nevertheless, projections based on, say, 
flve years will provide the indispensible lead-time 
required for this process. 

Mission internal design constraints (MDCkThe 
sources of MIDC lie inside, or internal to, the mission 
system's boundary-or, inside the boundary of any 
(I) or lower-level system. These sources are the inter- 
actions between the systems that influence each 
other's designs. In Fig. 1. MIDC are symbolized by 
arrows, or vectors. between the boxes representing 
system boundaries. The strength of these vectors, 
indicated by the size of the vector's tip, may vary 
from zero for 'decoupled" systems to considerable 
for 'coupled" systems. For example, in Fig. 1, the 
submersible (11) and aircraft (Id are 'coupled." or 
'interactive," systems, as are the submersible (11) 
and the surface ship (13) systems. On the other 
hand, the (12) and (Id are 'decoupled," or 'non- 
interactive." systems. If coupled, 'existing" sys- 
tems often exert stronger influences on 'new" sys- 
tems than vice versa. For instance, consider the 
MIDCs acting between the (I1) and (I2) systems. The 
(I2) system imposes strict weight and size con- 
straints on (11). whereas (11) may only require minor 
alterations in (Id-perhaps modifications in han- 
dling equipment and tie-down gear. Consequently, 
these constraints are represented in Fig. 1 by the 
heavy-tipped vector from (I2) to (I1) and the light- 
tipped vector from (11) to (I2). As a second example, 
consider two (S) subsystems of a manned submers- 
i b l eman  and the life-support systems which are 
not shown in Fig. 1 but are here arbitrarily desig- 
nated as (S5S1) and (Sssz), respectively. The 'exist- 
ing" system, (S5Sl). exerts considerable influence on 
the design of (S5!&) by reason of man's physiological 
requirements. In turn, (S5&) can only impose limited 
constraints on (S5Sl). requiring that man be 'altered" 
by increasing his knowledge and skills so that he can 
operate the (S5&), or other (SS) systems, correctly. 
MIDC vector notations between these systems would 
be similar to those between the (I) systems of the first 
example. 

A major consideration in selecting 'existing" (I). 
(S), or lower-level systems is that minimal MIDCs will 
be exerted on them by other systems. This would 
mean that a minimum of alterations would be re- 
quired to convert them for use in the mission system 
which would involve commensurately low conversion 
C o s t s .  

Lksign criteria (DCkThese criteria furnish stan- 
dards for judgments regarding design procedures 
and for selecting system components. The use of 
specified structural formulations and the require- 
ment that critical system components be based on 
state-of-the-art technology are examples. The 
basis for optimization. either cost-effectiveness or 
minimum weight, may also be considered as a 
design criterion. These criteria may be generated 
by the user/owner, the designer, or classification- 
certification bodies. 

2.5 The Design and Associated Processes 

These processes, diagrammed in Fig. 3, may be 
referred to in chronological order as the (1) pre-design, 
(2) design. and (3) post-design process. In this sec- 
tion, they are discussed briefly from the perspective 
of the mission system to provide an overview of the 
entire subject. The remaining sections of this chapter 
focus essentially on the first phase of the design 
process, called basic design, as it applies specifically 
to the submersible system. 

The pw-design proces-This process leads to the 
formulation of the basic input to the design process- 
the missbds) statementts) and associated mission 
requirements. I t  is undertaken by the potential user 
or owner of the mission system to be designed. 
independently or in consultation with the system's 
designer. 

The mission is a short, concise statement of 
what the user/owner wants to accomplish-in 
this case, underwater. Missions may be categorized 
in several ways. The most general way is by the 
titles of the user community being served: (1) in- 
dustrial/commerciaZ, (2) military, (3) scientijic. or 
(4) recreational A subcategorization may be based 
on terms describing the general nature of the under- 
water tasks to be performed: for example, (1) in- 
spection, (2) survey, (3) monitoring/sampling, 
(4) construction. (5) maintenance/repair, (6) search. 
(7) salvage, (8) rescue, and so forth. Mission system 
design may be based on single or multimission 
requirements, the latter including two or more 
categories of underwater tasks. 

Mission requirements, also called user/owner re- 
quirements, elaborate on the mission statement by 
specifying conditions under which the mission 
task(s) are to be carried out. They include informa- 
tion such as land-base locations, task-site locations 
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Fig. 3 Design and associated processes 

and maximum depths, descriptions of work objects 
and tasks to be performed, and such other informa- 
tion as the user/owner may wish to stipulate. These 
requirements become the basis for developing the 
performance requirements during conceptual de- 
sign which set forth capabilities that the various (I) 
systems must possess to accomplish the mission 
as prescribed. For example, the locations of land 
bases and task sites lead to the development of 
capabilities which the transportation system, say. 
a surface ship, must possess including its range, 
endurance, speed, and seakeeping qualities. As 
will be seen, the mission requirements may be 
altered during basic design by changes made in 
performance requirements-this process is indi- 

cated by feedback lines from the conceptual and 
preliminarydesign as indicated in Fig. 3. These 
changes should be made in consultations between 
the user/owner and the designer. 

Inherently. single-mission systems are more effi- 
cient than multimission systems, with degradation 
of efficiency increasing as the number of missions 
increases. In multimission systems, each mission 
has its own set of mission and performance require- 
ments-none, a few or several of these requirements 
being common to all sets. A composite set of un- 
homogeneous requirements results in design com- 
promises and trade-offs in arriving at the character- 
istics of the various (I) systems which reduce the 
mission system's ability to perform any one mission 
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well. Consequently, if multimission systems are 
deemed necessary, their designs should be based on 
the highest degree of commonality possible between 
the sets of requirements. Otherwise, a primary mis- 
sion should be identified from among the several 
missions with the composite set of requirements 
favoring this mission. 

The design prmess-This process is composed of 
three design phases: (1) basic design, (2) contract 
design, and (3) detail design The levels of labor, 
preparation time, and costs associated with each 
phase increase exponentially as the process pro- 
gresses. Design creativity and flexibility are essen- 
tially limited to the basic design phase the  mission 
system, including its submersible system, being well 
defined at the beginning of contract design. 

The design process, at this point, is discussed 
from the perspective of the mission system (the de- 
sign of its submersible system is considered specif- 
ically in Section 5). As has been seen, this system is 
composed of (I) systems which may be labelled as 
new construction or existing systems. Design ef- 
forts focus on the total, or 'from-scratch," design 
of new construction systems and on the selection 
of suitable existing systems and their alteration, 
if required, to convert them to (I) systems. The 
submersible, herein, is considered to be a new- 
construction (I) system. 

Basic design is the primary design phase con- 
cerned with how best to accomplish what the poten- 
tial user/owner of the mission system wants to do 
underwater as set forth by his mission requirements. 
In geneml, this phase involves: 

1. Development of performance requirements, 
or (I) system capabilities, from the mission 
requirements. 

2. Determination of the principal characteristics 
of the (I) systems required to achieve these 
capabilities, which enable new construction 
systems to be designed and existing systems 
to be selected and altered if necessary. 

3. Estimation of capital and operating costs of 
(I) systems. 

4. Identification of one or a few mission systems 
from among a series of alternatives which op- 
timally meet performance requirements to 
the extent possible considering design con- 
straints acting. 

5. Refining and firming-up characteristics and 
cost estimates of the (I) systems composing 
the optimum conceptual design(& 

The conceptual design stage of basic design is con- 
cerned with the first four of these functions-hc- 
tion four, herein, is based on cost-effectiveness as 
the optimization criterion. The prelimfnary destgn 
stage of this phase is concerned with the fifth 
function. 

Conceptual design, diagrammed in Fig. 4, is the 
first attempt to translate all the user/owner's mis- 
sion requirements into performance requirements 
and characteristics of the (I) systems composing the 
mission system. It is often viewed as consisting of 
feasibility studies and completion of the optimum 
conceptual designlsl once they are identified by 
these studies. Feasibility studies are concerned with 
the development of those performance require- 
ments and associated system characteristics which 
have significant impact on the cost-effectiveness 
optimization process as discussed in Subsection 
2.3 and diagrammed in Fig. 2. Completion of the 
optimum design(s) involves developing other major 
performance requirements and characteristics- 
those which are essential in defining (I) systems 
but which do not have significant impact on the 
optimization process. 

Feasibility studies create an orderly series of mis- 
sion system alternatives, all of which meet the mis- 
sion requirements and are technically feasible, and 
select one or a few of these alternatives as the 
conceptual design(s) to be carried on into preliminary 
design. These alternatives are shown in Fig. 4 as 
MSI, MS, ... MSLwhere 'i" can be any small to large 
number depending on the simplicity/complexity of 
the mission and optimization techniques used: for 
example, techniques using longhand or computer 
methods. As indicated in the figure, each alternative 
is composed of a unique combination of (I) systems. 
Each (I) system, in turn, has unique capabilities. 
characteristics required to achieve these capabilities. 
and costs associated with providing these character- 
istics. Certain unique (I) systems may appear in more 
than one combination but individual combinations 
are not duplicated in other alternatives. Mission 
system alternatives may be generated by (1) varying 
performance requirements with the cascading effect 
of varying (I) systems' capabilities, characteristics 
and costs and (2) varying (I) systems' capabilities, 
characteristics, and costs in ways each ofwhich meet 
a specific set of performance requirements. Alterna- 
tives generated in this manner contain information 
necessary to conduct the search for the optimum, 
cost-effective mission system(& 

Combinations of (I) systems forming mission sys- 
tem alternatives may vary in nwnber, iype/capabiZi- 
ties, and status. These features are related to func- 
tions required to accomplish mission tasks, the time 
frame for completing these tasks, if critical, and 
economic considerations. A mission pmm,  derived 
from mission requirements, is useful in providing 
functions and t i m e - b e  information-its useful- 
ness increasing as the complexity of the mission 
increases. This profile is a chronological listing of all 
events occurring from the mission's beginning to end 
and including time-frame data where necessary. For 
example, the profile of a certain demanding mission, 
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Fig. 4 Conceptual design of mission system 

requiring short response times. identified the number, 
type, and certain capabilities of (I) systems needed to 
serve the submersible transportation function. In this 
instance, four types of (I) systems. a special flatbed 
traUer, an air&, a surface ship, and a submarine, 
were necessary to provide land, air, sea-surface, and 
sub-sea transportation. status refers to the new m ~ -  
structdonor existing state of the (I) systems and whether 
they are to be owned k d  or chartered-all options 
affecting the 'operating cost per year" term of the 
cost-effectiveness equation in Flg. 2. 

Figures 3 and 4 show a 'feedback line" from 
conceptual design to the mission requirements 
which indicates that certain variations in perfor- 

mance requirements may require changes in certain 
mission requirements, a procedure which should 
involve consultations between the user/owner and 
designer. The 'feedback line" is somewhat more de- 
tailed in Fig. 4, which shows two inputs to this line, 
one from the mission system alternative 'exit line" 
and the other from the optimization process. In the 
first instance, it will be recalled that all of these 
alternatives must meet performance requirements 
and be technically feasible from the producibil- 
ity/availability and operability points of view. Thus, 
in forming these alternatives, it may be found that 
certain performance requirements cannot be met for 
technical feasibility reasons-that they must be 
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altered to make the alternatives in question viable. 
In the second instance, cycling the alternatives 
through the optimization process in searching for the 
optimum mission system($) may reveal that changes 
in some performance requirements will result in a 
better solution to the design problem from the 
cost-effectiveness view. In either case, these changes 
may also necessitate changes in the mission require- 
ments so that they can be met by the altered set of 
performance requirements. 

The other 'exit line" from the optimization process, 
as indicated in Fig. 4, leads to the optimum mission 
system(s) identified by this process in a manner 
suggested by the cost-effectiveness equation of Fig. 2. 
The conceptual design(s) of the selected mission sys- 
tem($) can now be completed by developing the pri- 
mary characteristics of the (I) systems not considered 
in the feasibility studies. The identification of more 
than one optimum conceptual design means that the 
'optimization curve" is reasonably flat over a limited 
range of alternatives-that there is little to choose 
between them. In this instance, the user/owner may 
select one of them based on subtleties not hereto- 
fore considered, or more than one may be carried 
forward into preliminary design. The mission sys- 
tem(s) carried forward should have associated per- 
formance requirements firmed up and provide base- 
line (I) system characteristics which are further 
developed and refined during the preliminary de- 
sign stage. 

The conceptual design of the submersible system, 
which, in general, proceeds as described above, is 
discussed in Section 5. Approaches and techniques 
applicable to the designs of both the submersible and 
its mission systems are discussed in that section. 

Preliminary design, as noted, is the second stage 
of basic design and is concerned with this phase's 
fifth function. Starting with baseline data provided 
by the selected conceptual design(& it refines and 
firms up the major characteristics of (I) systems, the 
MIDCs they exert on each other, and cost estimates 
associated with them. In summary, it provides a 
precise engineering definition of the mission system 
and assurance that the design goal can be attained. 

Figure 3 shows a "feedback line" from preliminary 
design to the mission requirements, indicating that 
refinements in the design may reveal technical- 
feasibility reasons for altering performance and, con- 
sequently, mission requirements that were over- 
looked in conceptual design. These discoveries 
should be few in number and minor in their effect on 
the requirements. A major discovery of this nature 
would, most likely, raise doubts about the validity of 
the selected conceptual design(s) and be cause for 
repeating the conceptual design stage or terminating 
the design altogether. 

Preliminary design of the submersible system pro- 
ceeds, in general, as discussed above. It is discussed 
further in Section 5. 

Contract design requires yet further refinement of 
design and additional detail. It yields contract plans 
and specifications necessary for interested parties to 
bid on the construction of new (I) systems or the 
alteration of existing (I) systems. It also provides 
contractual documents for the construction and al- 
teration work. 

Specifications delineate quality standards of ma- 
terial and workmanship as well as setting forth per- 
formance expectations for the (I) systems and their 
subsystems. They also describe tests and trials 
which must be performed successfidly before accep- 
tance of the systems. 

Detail design is the final phase of the design 
process and entails the development of detailed 
working plans from which the (I) systems are con- 
structed or altered. In one sense, it is really not a 
design phase since all the creative design effort is 
done in the preceding phases, the design being un- 
equivocally defined prior to entering this phase. I t  
does, however, require the greatest amount of work 
of all the phases and is often undertaken by entities 
building or altering the system. 

The post-design process-This process is com- 
posed of three activities: constructwn/aZteratbn, test 
and eualuation, and operation. Although this publi- 
cation is not directly concerned with these activities, 
there are two reasons for including them in this 
overall perspective: (1) They constitute important 
sources of input to new designs and feedback to the 
design in question, and (2) they are subject to certain 
existing MEDCs and will influence the future impact 
of MEDCs on following designs. 

Regarding (1). post-design experiences may reveal 
that items composing the (I) systems fail to meet or 
exceed design expectations. Failure in this regard 
results in the redesign of the offending item or, at 
least, a lowering of confidence in it which may lead 
to restrictions being placed on performance. For 
example, the maximum operating depth of a sub- 
mersible may be made shallower than stated in the 
performance requirements due to the discovery of 
metallurgical deficiencies in the pressure hull's ma- 
terial. Meeting or exceeding expectations, of course. 
raises confidence in the item which effectively docu- 
ments the soundness of the current design in this 
regard and encourages its use in future designs. 

Regarding (2). the principal MEDCs of interest 
here are in the legal/quasi-legal category-rules and 
regulations of classification societies and various 
federal agencies including certifying authorities. 
These MEDCs impact on all aspects of the design and 
post-design processes. Post-design activities furnish 
feedback to these MEDCs. causing them to be main- 
tained or altered as experience warrants. In this 
sense, then, the post-design process is also a source 
of input to future designs through its influence on 
future MEDCs. 
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3. The Submersible System 

3.1 Overview 

An appropriate introduction to the basic design 
of manned submersibles requires an elaboration of 
Fig. 1-specifying and briefly describing (S) systems 
composing the submersible. No standardized ap- 
proach to this process exists. Submersible design 
organizations label and assemble the (S) and sub- 
system 'boxes" within the submersible system's 
boundary in numerous ways. Without deprecating 
any approach, the one used herein parallels in 
composition and terminology the U.S. Navy's 
SWBS (Navships 009-039-9010) to the extent fea- 
sible for submersible design. The primary reason 
for this choice is that this system is also used in 
Chapter V, 'Hydromechanical Principles," for 
weight-accounting purposes. The SWBS is dis- 
cussed in that chapter. 

Paralleling SWBS for this purpose leads to the 
identiflcation of seven (S) systems. They, together 
with the major systems comprising them, are sum- 
marized in the following outline: 

1. Hull Structure System 
a. Structural System 
b. Special Purpose System 

2. Propulsion Plant System 
a. Energy Generating System 
b. Propulsion System 
c. Special Purpose System 

a. Electrical Power Generation System 
b. Power Distribution System 
c. Lighting System 
d. Special Purpose System 

a. Command and Control System 
b. Navigation System 
c. Communication System 
d. Surveillance System 
e. Special Purpose System 

a. HumanSystem 
b. Life Support System 
c. Air, Gas and Miscellaneous F'luids Systems 
d. Submersible Control System 
e. Mechanical Handling System 
f. Special Purpose System 

6. Outfit and Furnishings System 
a. Fittings System 
b. Hull Compartmentation System 
c. Preservatives and Covering Systems 
d. Furnishings 
e. Special Purpose System 

7. Armament System 
Several of the above (S) systems have components 

whose weights vary during a particular dive as well 

3. Electrical Plant System 

4. Command and Surveillance System 

5. Auxiliary System 

as those whose weights remain constant, or Rxed, 
during the dive. In design weight-accounting proce- 
dures, the variable components are listed separately 
from their systems' flxed-weight components-this 
list often being called the bad to submerge. A sum- 
mary follows to provide examples of components 
included in the load to submerge, accompanied by 
the caveat that the components actually utilized vary 
from design to design. 

1. Variable load 
a. Human systems and effects 
b. Expendable items-hel, oxidants, lube oil, 

fresh water and supplies 
c. System opemting fluids which vary during 

the dive owing to compression/expansion 
d. Mission system variable solid weights- 

weights on/off loaded during the dive 
2. Variable ballast/trim 

a. Seawater 
b. Solid weights-used to compensate for 

items of mission system weights on-loaded 
during dive 

3. Mainballast 
a. Seawater 

4. Descent/ascent weights 
a. Seawater 
b. Solid weight-single weights or pellets 

Under variable load, it can well be argued that 
human systems, persons on-board, represent fixed 
weights during a dive, as indeed they do. However, 
these systems are not considered as such by SWBS 
because their weights are accounted for as items of 
variable load. Although human systems are included 
herein because of their pertinence to the presenta- 
tion of manned submersible design, the SWBS prac- 
tice is continued in the interest of consistency. 

The above (S) systems all have SWBS titles. How- 
ever, several of their systems and smaller systems do 
not have these titles in the interest of facilitating a 
discussion of them pertinent to submersible design. 
Nevertheless. the reader should easily be able to 
relate their titles to SWBS groups if the need arises. 

The following sections briefly discuss the (S) sys- 
tems and the systems composing them. Other chap- 
ters of this publication elaborate in detail on this 
discussion. 

3.2 Hull Structure System 

Several SWBS groups compose this system. They 
can be combined into the structural and speciul 
purpose systems. 

structural systems-AH structural elements com- 
posing the submersible are contained within this 
system. In brief, they can be divided into the pressure 
hull and external structure. 

The pressure hull is the main, pressure-resisting 
shell structure of the submersible. It houses all 

13 



CHAPTER I 

human systems as well as instrumentation and 
equipment to which they must have direct access. 
This hull is usually a ring-stiffened cylinder, closed 
with hemispherical heads, for shallow-depth sub- 
mersibles although other geometries may be used. 
An unstiffened sphere, or combination of spheres, is 
used for deep-depth submersibles because of the 
structural efficiency of this shape. Penetrations of 
the pressure hull include access hatches, viewports 
or panoramic windows, and through-hull fittings for 
electrical connectors and mechanical shafting. Usu- 
ally. no bulkheads or major tankage arewithin this hull, 
although there might be for very large submersibles. 

External structure consists of the emstructure, 
foundatwns, outer hull, if used in a design, and 
structural appendages. The exostructure supports all 
external items and, in some instances, the pressure 
hull itself. Its kaming system carries and distributes 
loads to which the submersible is subjected during 
handling and operations. Foundations, attached to 
the exostructure. provide direct support for system 
components. 

The outer hull is composed of relatively thin metal 
or fiberglass plating and a supporting kaming sys- 
tem. Its surface, alone or in combination with the 
exterior surfaces of the pressure hull, tankage, 
and/or fixed buoyancy material, forms the envelope 
surface on 'enclosed envelope" submersibles. This 
type of envelope, as contrasted with 'non-enclosed 
envelopes" sometimes used, provides a fair surface 
required to reduce drag at higher speeds, to minimize 
the dangers of entanglement and mud/silt entrap- 
ment and to protect enclosed systems. 

Structural appendages are those structural items 
extending beyond the enclosed form of the hull or 
beyond the principal dimensions of the exostructure 
in the case of an open-kame submersible. Examples 
include the fairing or 'sail" protecting the access 
hatch and s t ructud castings for the stern planes 
and rudder-the latter two appendages themselves 
are parts of the ship control system. 

Special purpose system-Fked ballast and fied 
buoyancy are included in this system. Items of 
ballast and buoyancy remain fixed during a particu- 
lar dive. They may be altered in magnitude or 
location or both between dives to compensate for 
changes made in various items of weight between 
dives. 

Fixed ballast. such as pig lead. is used to achieve 
equality of total submerged weight and displacement 
when, otherwise, displacement would exceed weight, 
a situation often encountered in the design of shallow- 
depth submersibles. Fixed ballast is also used to 
obtain satisfactory stability and trim and to provide 
for a design weight margin. For very large submers- 
ibles, as for submarines, it may also be used to 
compensate for weight alterations made to the ve- 
hicle during its lifetime. 

Fixed buoyancy, such as syntactic foam or hollow 
spheres, is used to achieve equality of total sub- 
merged weight and displacement when, otherwise, 
weight would exceed displacement, a situation which 
is always encountered in the design of deep-depth 
submersibles. Like fixed ballast, it is also used to 
achieve satisfactory stability and trim. It may also be 
the means of compensating for weight alterations 
made during the submersible's lifetime. 

3.3 Propulsion Plant System 

The propulsion plant is composed of all systems 
required to move the submersible in the ahead and 
astern directions under normal or emergency condi- 
tions. The maneuvering system, to be discussed 
later, is included in this (S) system, but only to the 
extent it is used for propulsion as well as maneuver- 
ing. To the extent that it is used exclusively for 
maneuvering, SWBS considers it to be a part of the 
Ship Control System within the Auxiliary System. 

Energy Generating System-Electrical energy is 
used for propulsion and many other purposes on a 
submersible. In this regard, SWBS divides the total 
energy requirement into two parts-energy for pro- 
pulsion and energy for all other needs. the latter 
being considered within the electrical plant system if 
it is used exclusively for nonpropulsion purposes. 

Submersibles may be supplied with electrical en- 
ergy for propulsion and other needs from sources 
stored on supporting (I) systems or on board. In the 
f is t  instance, energy is received through an electric 
cable which is a part of the tether linking the sub- 
mersible and support systems. In the second case, a 
primary or secondary energy source must be stored 
on board. Examples of these sources include, respec- 
tively, chemical energy stored in fuel oil and electrical 
energy stored in batteries. Energy generating sys- 
tems involving energy stored in its primary form 
must utWe either open- or closed-cycle energy con- 
version systems. Open-cycle systems, such as diesel- 
generator sets, require access to the atmosphere's 
oxygen and, hence, can only be operated on the 
surface for propulsion and for charging the batteries 
that supply energy when submerged. Closed-cycle 
systems require both oxidants and fuel to be stored 
on board, thus permitting system operation while 
submerged and thereby obviating the necessity for 
batteries as the main energy source. Stirling engine- 
generator sets and fuel cells are examples of this 
system. 

The vast majority of untethered submersibles 
store energy on board in its secondary form in lead- 
acid, silver-zinc, or nickel-cadmium batteries located 
outside the pressure hull in pressure-resistant or 
pressure-compensated containers. The choice be- 
tween them depends on energy density, battery char- 
acteristics, and cost trade-offs. In this system, the 
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primary energy source and energy conversion sys- 
tems are carried on board the support ship with the 
submersible's batteries being charged between dives. 

Propulslon System-This system may be sub- 
divided into propulsion thrusters, drives, and support 
systems. 

Propulsion thrusters most commonly used are 
free or nozzled propellers, although other thrust- 
producing devices have been proposed and occasion- 
ally used such as water jets and cycloidal propellers. 
Free propellers may have relatively large diameters, 
which improves system efficiency over a range of 
speeds. However, the unprotected blades are subject 
to damage and entanglement. Nozzled propellers 
have relatively small diameters, but performance is 
enhanced for high-thrust, zero to low-speed situa- 
tions which characterize the operation of most sub- 
mersibles. The nozzle also affords protection for the 
propeller. 

Propulsion drives consist primarily of ac and dc 
electric motors and electro-hydraulic units, listed in 
order of decreasing efficiency. The dc motor drives 
have been used predominantly and electro-hydraulic 
drives only occasionally. As compared with ac mo- 
tors, dc motors are more complex, are limited in 
power output, require more maintenance, and need 
protection from seawater. On the other hand, they 
have better speed control, produce higher toque, 
and can be operated directly from the battery-that 
is, a d c a c  inverter is not required, thus saving 
weight, space, and cost. Most propulsion drives are 
located outside the pressure hull to avoid mechani- 
cal, through-hull penetrations and seal problems. 
The motors are enclosed in pressure-resisting or 
pressure-compensated containers, the latter option 
reducing sealing difficulties. 

Support systems include all electrical, hydraulic, 
and mechanical power tmsmission and conversion 
items used for propulsion and the propulsion control 
system. Electric transmission and conversion items 
include cable from the battery to the motor and an 
inverter, if required. These items for hydraulic 
systems include piping, flexible tubing, and motor- 
pump units. Mechanical h s m i s s i o n  items include 
shafting, reduction gears, clutches, and couplings 
where these items are not combined to form self- 
contained thruster units. 

Specialpurpose system-This system is composed 
of propulsion-plant operating fluids, spare parts, and 
tools. Operating fluids include air, hydraulic oil, oil 
in the battery compensating systems, and battery 
electrolyte. 

3.4 Electrical Plant Systems 

The electrical plant is composed of systems neces- 
sary to provide and distribute electric power to meet 

all of the submersible's power needs, excluding pro- 
pulsion, and to provide for lighting. In this regard, 
the nonpropulsion electrical power needs are re- 
ferred to as the "ship's service load" or "hotel load." 

ElecMcal power generation syst-This system 
may be divided into the main and emergency sub- 
systems. The main subsystem is composed of en- 
ergy conversion systems, such as auxiliary diesel- 
generator sets, and battery packs which are used 
exclusively to meet ship's service loads. If they are 
not used exclusively for this purpose but also for 
propulsion, they are included in the propulsion 
plant's energy generating system. The previous dis- 
cussion of these systems is applicable here. 

The emergency electric power generating subsys- 
tem is always located on board both tethered and 
untethered submersibles, separate from and inde- 
pendent of the main system in untethered vehicles. 
I t  serves critical systems in case of main power 
failure. Examples include primary and secondary 
batteries located as close to the system they serve as 
possible. The simplest illustration is the primary 
battery in a flashlight used for emergency lighting. 

Power distribution syst-This system provides 
for the distribution of power to all nonpropulsion 
systems on the submersible. It includes the main 
cable wireways, emergency power cable system. 
switching gear and panels, and so forth. 

Lighting system-The lighting system includes 
lighting distribution and ffxtures, excluding the sig- 
nal, anchor, and navigating lights, which are in other 
systems. 

speciccrputpose system-"his system includes elec- 
trical plant operating fluids, such as the electrolyte in 
the battery, and the plant's spare parts and tools. 

3.5 Command and Surveillance System 

The nature and extent of systems composing this 
system vary greatly depending on demands placed 
on them by mission performance requirements. They 
vary from relatively simple systems composed of a 
few components, for the less demanding missions, to 
extremely complex systems composed of numerous, 
technically sophisticated components for highly de- 
manding missions. This fact must be borne in mind 
by the reader for the following text. 

Command and control s y s t e T h i s  system con- 
tains subsystems facilitating command and control 
of the submersible. Included are data display and 
processing systems, digital data switchboards and 
digital data communication systems, command and 
control testing systems, and command and control 
analog switchboards. 
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Navigation systemsafe and efficient surface and 
submerged operations heavily depend on strongly 
coupled functions of navigation, searching, obstacle 
avoidance, and communications. The first three 
functions are of primary concern for submerged 
operations and are the responsibility of the naviga- 
tion system, The fourth function is important in 
surface, as well as submerged, operation, brief 
though it may be. Though closely allied with naviga- 
tion, communications is in a separate system, to be 
considered shortly. 

Navigation subsystems operate independently or 
interact with other (I) systems of the mission system. 
Some examples of independent systems are the on- 
board magnetic compass, gyro compass and fath- 
ometer; examples of interacting systems include the 
submersible's transponder/pinger interacting with 
seafloor-based transponders or a surface ship's 
transceiver/hydrophone system or both. These sys- 
tems may be subdivided according to general types, 
with examples, as follows: 

(1) Electrical-navigation lights and gyrocompass. 
(2) Electronic-radio navaids. such as Loran C and 

Omega, and radar navigation systems. 
(3) Acoustic-fathometer and sonar systems such 

as obstacle avoidance sonar and short- and 
long-baseline navigation systems. 

(4) Visual /acoustic-acoustic imaging systems. 
(5) Visual-direct visual through viewports and 

windows and indirect visual using periscope 
and fiber-optic systems. 

indicator and chronometer. 
(6) Other-magnetic compass, depth gauge, trim 

Communication system-This system is divided 
into interlor and exterior communication subsystems. 
Interior subsystems facilitate exchange of informa- 
tion between persons on board the submersible and 
include sound-powered telephones, announcing sys- 
tems, alarm systems, and switchboards for these 
systems. 

Exterior subsystems provide for communication 
between persons on board the submersible and those 
on other (I) systems, usually those on a surface 
support ship or working as divers outside the sub- 
mersible. Tethered submersibles invariably use 
"hard-wire" telephone systems for both submerged 
and surface communications. Untethered submers- 
ibles use acoustic underwater telephones while sub- 
merged and, while on the surface, use radio, 'plug-in 
hard-wire" telephones, and visual and audible systems. 

Surveillance system--This system is of primary 
interest for marine vehicles having military-oriented 
missions including, of course. submarines. To the 
extent that it may be utilized on some submersibles, 
the system is subdivided into surface and under- 
water subsystems. Surface subsystems include sur- 
face and air search radar: underwater subsystems 

include active. passive. active/passive. and classiil- 
cation sonar. 

Special purpose system-This system is com- 
prised of electronic test and monitoring equipment, 
system operating fluids, spare parts, and tools. 

3.6 AuxWarySystem 

The auxihry system is composed of numerous 
systems which. except for the human and We-support 
systems, fit within specifled SWBS groups and are 
given the same titles as these groups. As has been 
noted. the human system is not included in SWBS as 
a system. The life-support system is scattered among 
seved SWBS groups. It is treated as a single system 
herein in the interest of clarifying the discussion. 

Human systems-In the broadest sense, these 
systems include all persons on board and external to 
the submersible who are responsible for its safe and 
effective operation and who utilize its services in 
accomplishing mission tasks. Although on-board 
persons are of primary concern in submersible de- 
sign, it is important here to acknowledge that exter- 
nal persons also have some influence on the design. 
Many persons could be included but. to make the 
subject manageable. these persons can be called. 
collectively, the submsible crew to distinguish them 
&om the 'ship's crew," the 'scientific party," the 
"diver group," and so forth. The submersible crew 
accompanies the submersible at all times during 
operations. It is composed of one or more operators 
and mechanical, electrical/electronic. and acousti- 
cal technicians. The technicians maintain their vehi- 
cle in a ready-to-dive condition. The designer should 
keep in mind their abilities and the rigors of working 
at sea in matters pertaining to the simplicity. rugged- 
ness, and accessibility aspects of the design. 

On-board persons can be categorized as crew and 
noncrew. Crew, or pilots as they are usually called, 
are the equivalent of ship captains, being in com- 
mand and having responsibility for all aspects of the 
submersibles' operations. One or two pilots are on 
board, depending on the mission's duration, and are 
always under about one atmosphere of pressure. 
Noncrew include all other persons on board under 
one-atmosphere or ambient-pressure conditions in 
the case of diver lock-out vehicles. Their training 
must include a working knowledge of the submers- 
ible's emergency features. 

On-board persons, as human systems, affect sub- 
mersible design and create MIDCs by virtue of their 
physiological and psychological characteristics. 
Many of the quantifiable characteristics are given as 
so-called 'standard man" data. This system's effects 
on design can be viewed from the perspective of three 
considerations: 12fepmtection, comfort, and support- 
the latter being considered as a subsystem of the 
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Auxiliary System. Though there is some overlap be- 
tween these considerations. a separate discussion of 
them ensures that all effects of 'human systems" on 
design are included. 

Briefly, life protection implies protection of the 
human system from the sea environment, under 
one-atmosphere or ambient-pressure conditions, 
and from the detrimental or dangerous characteris- 
tics of other systems. Examples include the necessity 
to enclose human systems in pressure hulls, the 
location of potentially dangerous systems (such as 
batteries and high-pressure air systems) outside the 
pressure hull, and the need to incorporate escape or 
rescue systems into the design. 

Life comfort has to do with the productivity of the 
human system existing in a foreign environment, a 
consideration which becomes increasingly important 
as the mission duration increases. The 'habitability" 
or mhuman-engineering" aspects of design address 
this consideration. It is one of the basic factors in 
determining the size and shape of the pressure hull 
through cubic space per person and dimension re- 
quirements. It also influences, for example, the pres- 
sure hull's internal arrangement. decor, noise atten- 
uation measures, and atmospheric control, a subject 
included in the next system to be discussed. 

Ltfe support system-This system can be divided 

agement subsystems, the components of which are 
scattered among several SWBS groups in the Auxil- 
iary and Outfit and Furnishings systems. Briefly, the 
atmospheric-management system is responsible for 
the proper breathing gas composition, carbon di- 
oxide removal, contaminant removal. atmospheric 
monitoring, and temperature/humidity control. 
Managing ambient-pressure environments is more 
complicated than managing one-atmosphere envi- 
ronments owing to the use of helium-oxygen, rather 
than air, as the breathing gas. Emergency provisions 
are made for two situations: a prolonged submerged 
perid during which the atmospheric-management 
system continues to function normally and a second 
situation in which components of this system either 
fail or are unable to cope with an on-board casualty. 
The first situation is met by simply providing a 
specific rnargn of life-support gases and other mate- 
rials. For example, it is usually specified that a 
short-mission-duration (eight to ten hours) submers- 
ible have enough of these materials on board to 
remain submerged for 72 hours. The second situa- 
tion is met by components such as face-masks con- 
nected to a separate source of breathing gas and 
emergency carbon dioxide absorbents. 

Food and water management systems used de- 
pend primarily on the mission duration. On short- 
mission, eight- to ten-hour-duration submersibles, 
food and water is brought on board in portable 
containers such as lunch boxes and canteens. De- 

into atmospheric, food and Wata, and w a ~ t e - ~ -  

spite the informality of this system, it is important 
that it also include some kind of emergency rations 
which will last as long as the emergency atmospheric 
management materials. 

This system increases in complexity as the mis- 
sion duration and number of on-board persons in- 
crease. In long-endurance (say, 15 to 30 days) sub- 
mersibles, a food system similar to that employed by 
airlines is used-prepared meals are stored on board 
and heated. Consequently, both a cold food storage 
space and a heating device must be provided. Fresh- 
water tankage must also be provided for potable and 
shower water if ambient-pressure systems are in- 
cluded in the design. In the latter instance, the 
on-board capacity of freshwater is enormously in- 
creased because hot showers are the primary means 
of warming divers after extra-vehicular excursions. 

The waste-management system, quite naturally, 
parallels the food and water subsystem. For short- 
mission-duration submersibles, human and other 
wastes are kept in portable containers. On long- 
duration submersibles plumbing fktures, holding 
tanks, and trash bins must be provided; nothing is 
discharged into the sea environment. 

Air. gas. and miscellaneousJuids system-This 
system includes, essentially, the compressed air and 
hydraulic fluids subsystems. Compressed air may be 
used for several purposes, although its primary use 
is to discharge water h m  the main ballast tanks. It 
is stored under high pressure in flasks located out- 
side the pressure hull. the air lowered to safe, usable 
pressures for specific purposes by reduction valves. 
Air flasks, like secondary batteries, are also second- 
ary sources of energy, in this case, "pneumatic en- 
ergy." They must be recharged by air compressors 
which are usually located on the support (I) system. 

The hydraulic-fluid subsystem transmits power to 
all systems except propulsion. The rudder, stern 
planes, and manipulator are examples of systems 
which may be hydraulically powered. 

Submersible ControZ system-This system is com- 
posed of static and dynamic control subsystems. 
Maneuvering the submersible is their function. 'ma- 
neuvering" being defined as the wntrolted change or 
retention of the vehicle's mtion or position In this 
regard, Fig. 5 shows a submersible in hydrospace 
with reference to &. YO. earth axes with x, y. z 
body axes attached to the vehicle. The extent of a 
submersible's maneuvering ability is called degrees 
of~eedorn It is possible to have a total of six degrees 
of freedom, three linear degrees in the x y and z, or 
& directions and three rotational degrees about 
these axes. Most submersibles have four to six de- 
grees of freedom, achieved by a great variety of static 
and dynamic control systems. Consequently, these 
systems are discussed in general, rather than spe- 
cific terms. 
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Static control subsystems employ static forces of 
weight and displacement In accomplishing their 
functions. They are effective in three degrees of free- 
dom: clescent/ascent in the & direction, trim and 
buoyancy controZ about the y-axis and in the & 
direction, respectively, and Ikt about the x-axis. 

Descent/ascent may be accomplished by the main 
baliast and &scent/ascent webht systems. to the 
extent that they are used in a design. Use of a main 
ballast system enables the submersible to float freely 
on the surface before diving with a certain amount 
of its displacement-producing volume, called vdume 
ofreserw displacement, above the waterhe. Com- 
plete flooding of the main ballast tanks reduces the 
volume of reserve displacement to zero. Other means 
must be used to cause the vehicle to sink in the water 
column. Usually, descent weights are used in the 
form of additional water ballast or solid weight. The 
water is expelled by high-pressure air or the weight 
dropped just prior to reaching the desired depth. 
Deeper-depth submersibles must use a droppable, 
solid weight because of the difficulty of expelling 
water against high hydrostatic heads. Droppable 
weight, in the form of steel pellets, can be released 

gradually to control the rate of descent and thus is 
often used. If the total submerged weight and dis- 
placement are equal at the desired depth, the sub- 
mersible is said to be in a condition of neutral buoy- 
ancy. a basic design condition for most untethered 
submersibles. Ascent may be initiated by expelling 
water from the main ballast tanks or by dropping an 
ascent weight, the latter method being used for deep- 
depth submersibles. Ascent weight is always some 
form of solid weight or steel pellets which can be 
released gradually to control the rate of ascent. If 
both systems are used, main ballast is not blown 
until the submersible is at or near the surface. 

Descent/ascent. of course, may be inclined as well 
as vertical using propulsion thrust and planing 
forces to help "drive" the vehicle down or up. For 
deeper-depth submersibles, this is a high energy- 
consuming procedure and is usually not used, at 
least for untethered vehicles. A few designs have also 
used a spiral descent/ascent path achieved by ec- 
centric location of the descent/ascent weights. 

An emergency-ascent system is also incorporated 
into most designs. These systems may involve the 
release of the pressure hull from the rest of the 

Forward/Astern, / I  Surge (Dynamic) 
/ I 

YO 20 Heel/List (Static) 
Roll (Dynamic) 

Sway (Dynamic) _I 
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Descenffhnt (StatidDynamic) 
Heave (Dynamic) 

Yaw (Dynamic) 

Zo - Earth Axes (fixed to earth) 
z - Body Axes (fixed in submersible - origin at center 

of gravity (G) or other point) 

Static Control Systems: Effective in three degrees of freedom 
Dynamic Control Systems: Effective in six degrees of freedom i 
Fig. 5 Degrees of freedom-statiddynamic control systems 
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submersible or the release of some large item of 
weight such as the battery pack or droppable keel. 

Trim and buoyancy control involve the trim and 
variable baUust/buoyancy systems, whose functions 
are to create or prevent trim and an imbalance 
between total submerged weight and displacement 
respectively. This imbalance is called negative buoy- 
ancy if weight exceeds displacement and positive 
bLaoyancyifdisplacement exceeds weight. For example. 
the accomplishment of many mission tasks is facili- 
tated by purposely creating trim fore or aft or negative 
buoyancy so that the submersible 'sits hard" on the 
bottom. On the other hand, unwanted trim and 
positive/negative buoyancy can be prevented by 
these systems if within their capabilities. a process 
called compensation. 

The trim system accomplishes its functions by 
shifting weights fore and aft to generate trimming or 
trim-compensating moments. These weights are con- 
tained within the system and, hence, are not con- 
sidered variable loads. They include pumpable fluids, 
such as mercury, movable trim weights, and movable 
weights of another (S) system such as the battery 
pack. It should be noted that if mercury is used, the 
system must be outside the pressure hull since this 
material is exceedingly dangerous to humans. 

The variable ballast/buoyancy system makes ad- 
justments either in weight, by admitting or expelling 
seawater from variable ballast tanks, or in buoyancy 
by increasing or decreasing displacement of oil- 
inflatable/deflatable bladders. Some submersible de- 
signs may have reason to use automatic depth con- 
trol and 'hovering" systems. The latter system 
precisely maintains neutral buoyancy, allowing the 
submersible to remain suspended in the water column. 

The trim and variable ballast/buoyancy systems 
may be either separate but closely coupled systems 
or be combined into one system. Small submersibles 
use separate systems. Large submersibles may use 
one system, similar to that used on submarines, 
which employs interconnected/sea and fore, aft, and 
mid-length (auxiliary) trim tanks. Just  fore and aft 
tanks may also be used. 

List involves the Zbt system, a system similar to 
the trim system in composition and functions except 
that list weight is moved transversely to generate 
listing or list-compensating moments. Usually, the 
list weight is mercury. The weight of items in other 
systems is not used for this purpose. 

Dynamic control subsystems employ dynamic 
forces of thrust and lift and it is convenient to refer 
to them as thrust- and I@-pruciucing systems. Thrust- 
producing systems, such as small motor/screw pro- 
peller self-contained units, can provide the submers- 
ible with as many degrees of freedom as required. 
These degrees of freedom are referred to in the dy- 
namic sense as surge, sway and heave in the x, y, 
and z-axis directions and ma pitch, and yaw about 
these axes. In general, lift-producing systems, such 

as the stem planes and rudder, provide two degrees 
of freedom-pitch about the y-axis (dive/rise inclina- 
tions) and yaw about the z-axis (steering). Additional 
degrees may be achieved, say, for example, in the z 
or &, directions by the combined use of stem and 
forward-located (bow or sail) planes. 

The thrust-producing system's functions include 
the controlled change or retention of a submersible's 
motion at zero to low speeds. In performing these 
functions. it may either augment or replace certain 
static control systems. Zero speed, of course, implies 
position change or retention at specific &, YO, &, 
coordinates in the water column. As noted, position 
changing is necessary to accomplish many mission 
tasks. Position retention, say, in a current field ex- 
erting forces on the submersible, is an equally im- 
portant ability. Low speed implies that this system is 
effective in performing its maneuvering functions at  
relatively low speeds only-say, at speeds up to a few 
knots. 

Thrust-producing systems for maneuvering paral- 
lel those used for propulsion: self-contained, 
motor/screw propeller units are the most prevalent. 
These units may be fixed or rotatable, operating in 
the open or enclosed by shrouds or ducts penetrating 
the submersible's hull. The design objective is to use 
the minimum number of these, or other, units re- 
quired to achieve the desired degrees of freedom and 
to have them located so as to reduce cross-coupled. 
or induced, motions to a minimum. 

The lift-producing system's functions include 
the controlled change or retention of a submersible's 
motion at higher speeds-speeds in excess of a few 
knots. Higher speeds are necessary, of course, to 
provide the rapid waterflow over control surfaces 
required to generate lift forces. The design of this 
system is intimately associated with the hydro- 
dynamic design aspects of the submersible as a 
whole. In this regard, performance requirements 
place emphasis on submersible characteristics 
which facilitate either the change from or retention 
of, say, horizontal, straight-line motion. For example, 
these requirements may stress the need for frequent 
path changes, accomplished quickly with control 
forces and moments of reasonable magnitudes-one 
case being the quick entrance into, as well as exit 
from, a turning circle of small diameter. Such a sub- 
mersible would possess a minimum level of dynam- 
ical stability' and ample movable control surfaces at 
the stem. On the other hand, the retention of horizon- 
tal, straight-line motion would be stressed in mis- 
sions requiring the submersible to travel between 
Points A and B with little or no path deviations in 
between. In this instance, the submersible would pos- 
sess a higher level of stability. If the vehicle's 'bare 
hull," or unappended body, lacked this stability by 

'J3ynadcal stability and associated equations of motion are 
subjects included in Chapter V. ~Hydromechanfcal Principles.' 
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itself, as it often does, the stability of the submersible 
as a whole is raised by adding fixed h s  or stabilizing 
surfaces at the stem-in effect, by adding tail fathers 
to the arrow. These h s ,  as well as movable control 
surfaces, are components of this system. 

Lift-producing systems include vertically oriented 
rudders, horizontally oriented planes at the stem 
and often at  the bow. "X" configured rudder/plane 
combinations, and stabilizing fins. Rudders and 
planes may be all-movable or partially-movable con- 
trol surfaces made of flat plates or having NACA 
sections and profiles. Most movable control surfaces 
are hydraulically operated. 

The propulsion thruster may also be involved in 
maneuvering. For instance, in one system the 
motor/propeller unit is rotated about a vertical axis 
to provide angled thrust for steering. In another 
system, a shroud surrounding the propeller can be 
tilted, thereby deflecting the propeller race to pro- 
duce angled thrust vectors. 

Mechanical handling system--This system includes 
anchor handling and storage and main-ing systems. 
Small submersibles usually are not provided with 
these systems. They anchor by sitting hard on the 
bottom with negative buoyancy or by attaching them- 
selves to an object with grabber manipulators. Large 
submersibles may use these systems. The SWBS 
places handling of the submersible itselfin the special- 
purpose systems. 

Specialpurpose systems-This group is composed 
of handling. rescue and salvage, jluids/spare parts 
and toots. and mission systems. The first two sys- 
tems, in effect, are small parts of larger systems with 
the same titles, most of their components being on 
other (I) systems or external to the submersible. The 
external components are reviewed prior to discussing 
the system on the submersible. 

Handling systems include those involved in han- 
dling the submersible during its transportation, 
launch and recovery, and towing to the extent that 
these activities are provided for in the design of the 
mission system. Transportation may include 
landborne. airborne, and seaborne surface and sub- 
surface (I) systems, whatever they might be. Han- 
dling systems on these systems may include, for 
example, cranes, winches, ramps, rails, tiedown fit- 
tings, and shock-absorbing mounts. 

Launch and recovery of a submersible may be 
accomplished on the surface or remote from the 
surface, at a depth where surface-wave action is 
negligible. The surface launch and recovery system 
is based on the surface support ship and is one of 
several types, including stern-mounted A - h e s ,  
articulated- or nonarticulated-boom cranes, over- 
head rail cranes, docking-well cradle lifts, and 
ramps. Remotely, these activities may be conducted 
by heave-compensated elevator systems suspended 

from a surface ship. underwater platforms. and 
launch and recovery systems on submarines. 

Towing systems are used primarily for large sub- 
mersibles which cannot be carried on the deck of a 
ship. They may also be used for small submersibles 
in unusual circumstances. A towing winch and cable 
are primary components of this system. 

A submersible, large or small, cannot be burdened 
with weight and space requirements of many of the 
handling systems' components for the three ac- 
tivities. Consequently, they are held to a minimum- 
including, for example, padeyes. fairlead fittings, 
special socket fittings for launch and recovery, and 
shock-absorbing mounts. A design for launch and 
recovery may use a single-point lift, multi-point lift. 
or cradle system in interfacing with the external 
components of this system. As implied, single- and 
multi-point lift submersibles are lowered and raised 
by cable attachments at one or more points on top of 
the submersible. Padeyes or socket fittings located at 
these points are securely flxed to the exostructure or 
pressure hull which distributes lowering/raising. as 
well as other handling, loads. In cradle systems, 
these loads are introduced into the exostructure by 
bottom skegs or another structure of the submersible. 

Rescue and salvage systems may involve inter- 
related or separate activities. Rescue systems have 
the function of extricating persons from a submers- 
ible unable to surface and from which they are either 
unable to, or elect not to, escape. Salvage systems 
have the function of retrieving the submersible. Res- 
cue may be accomplished through salvage, persons 
remaining on board while the submersible is being 
brought to the surface. 

Rescue and salvage systems on a submersible, as 
noted, are also small parts of much larger systems. 
External components of these systems include dedi- 
cated rescue and salvage ships such as the U.S. 
Navy's Auxiliary Submarine Rescue (ASR), ships of 
convenience (any ship available which can accommo- 
date other system components), one-atmosphere and 
ambient-pressure rescue chambers, other manned 
submersibles including dedicated rescue submers- 
ibles such as the U.S. Navy's Deep-Submergence 
Rescue Vehicles (DSRVs), unmanned submersibles 
or Remote-Operated Vehicles (ROVs). and divers and 
diving facilities. 

The extent of rescue and salvage systems on a 
submersible varies with its size. A small submersible, 
for instance, cannot tolerate the weight of a heavy 
skirt and associated structure required for the mat- 
ing of a rescue bell or another submersible to make 
a dry transfer of personnel. A wet transfer, from 
submersible to rescue vehicle through the water, may 
be used for personnel at ambient pressure on board 
the striken submersible, although this practice is not 
considered desirable. Consequently, for small sub- 
mersibles, rescue is usually effected by salvage. The 
function of rescue/salvage systems on board the 
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vehicle is to facilitate these operations. These sys- 
tems include components from other submersible 
systems as well as their own: underwater telephones, 
pinger/transponders, marker buoys, external lights. 
and salvage padeyes are examples of such systems. 

A large submersible can usually afford, in terms 
of weight and space, to cany more extensive res- 
cue/salvage systems. In addition to components 
mentioned, its design may include a mating skirt, 
permitting dry transfer of personnel, and salvage 
connections and fittings. In this case, rescue and 
salvage may be separate events. A large submersible 
may also be able to afford the luxury of carrying an 
escape capsule which, like the pressure hull in 
some designs, can be released from the rest of the 
structure. In both instances, rescue occurs on the 
surface. 

Fluids/spare-parts and tools include those items 
which are associated with the auxiliary system. Fluids 
of this system whose weights remain fixed during the 
dive include, for example, mercury in the trim/list 
systems and oil in the variable buoyancy system. As 
noted in Subsection 3.1, the weights of these fluids 
remaining in their systems are included as -system 
weights." Examples of fluids whose weights vary 
during the dive are seawater in the main and variable 
ballast/trim systems and air in the high-pressure air 
system. Again, as noted, the weights of these fluids 
are not a part of their 'system's weight" but are 
included in load to submerge. 

The mission system is part of the submersible's 
payload which also includes noncrew and effects. It 
is composed of items internal and external to the 
pressure hull which either are fixed or vary during a 
dive. Fixed items are those which are used exclu- 
sively for accomplishing mission tasks, for example, 
sensors, manipulators, sample bins, coring devices, 
strobe lights, video equipment, still and movie cam- 
eras, and diver support and protection gear. Variable 
mission loads are items which are on- or off-loaded 
during the dive such as equipment being transported 
to a seafloor oil/gas installation. Note that the items 
of some (S) systems may be used in accomplishing 
both mission tasks and operation of the submersible, 
in which case they are not included in the mission 
system. For example, obstacle-avoidance sonar may 
be used in accomplishing these tasks, but it remains 
a part of the navigation system. 

3.7 Outfit and Furnishings System 

This system, in general, includes a large number 
of system components required to complete the sub- 
mersible and to make it habitable, this number 
increasing as submersible size increases. Following 
is a listing of these systems and components which 
does not require extensive discussion: 

Fittings include hull fittings. rails, stanchions, 
lifelines, and so forth. 

Hull compartmentation is comprised of items such 
as nonstructural bulkheads, floor plates and grat- 
ings, ladders, and nonstructural closures. The bulk- 
heads and closures are found only on large sub- 
mersibles. 

preservatives and coatings includes paint, zincs 
for cathodic protection. deck covering, hull insula- 
tion material, and sheathing and fittings for any 
rekigerated spaces which might be on board. 

Fiimishings include items of furniture, Axtures, 
and equipment enabling each space within the pres- 
sure hull to serve its function-the functions relating 
to submersible control. mission task activities, eating, 
sleeping, and sanitary needs. One space must serve 
all functions on small submersibles: spaces serving 
each function may exist on large submersibles. 

Special purpose system includes components 
such as fluids, spare parts, and tools associated with 
this (S) system. 

3.8 Armament System 

This system applies only to submersibles having 
offensive/defensive military missions requiring the 
launching of weapons. It is included here primarily 
in the interest of presenting the complete SWBS 
system. If applicable to a design, it includes compo- 
nents for handling, storage, protection, launching, 
and guidance of these weapons. The weapons, them- 
selves, are included as an item of variable load in the 
load to submerge group. 

4. Inputs to Submersible Design 

4.1 Overview 

Inputs to submersible design, as for other (I) 
systems of the mission system, were introduced in 
Section 2. As noted, these inputs can be placed into 
one of two categories: inputs whichhmish guidance 
for the design and those which impose constraints on 
this process. They are summarized within these cat- 
egories in the following outline: 

1. Guidance Inputs 
a. Mission/performance requirements 
b. Post-design experience 

2. Constraint Inputs 
a. Design criteria 
b. Mission external design constraints 
c. Mission internal design constraints 

This section elaborates on these inputs as they per- 
tain to the design of manned submersibles. 

4.2 lKission/Performance Requirements 

A set of mission requirements includes those per- 
tinent to both the design of the submersible and 
other (I) systems composing the mission system. 
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They are generated by the prospective owner/user of 
this system and provide the basic guidance for 
designing and constructing nonexisting (I) systems 
and for designing alterations to be made to existing 
entities to convert them to (I) systems. In this and 
following sections, it is presumed that the submers- 
ible, initially, is a nonexisting system-one to be 
designed from scratch and constructed. 

Mission requirements pertinent to submersible 
design primarily convey information on tasks to be 
performed underwater including details of the task 
sites (location, depth at  site, etc.) and the nature 
of task work (details of work objects such as well 
heads, data to be acquired, and payload). PerJof- 
mance requirements are derived from the mission 
requirements and set forth the capabilities that the 
submersible must have to meet the mission re- 
quirements (speed, maneuvexing, endurance, etc.). 
These requirements provide the basis for develop- 
ing the submersible's characteristics and associated 
IS) systems as well as being primary input to cost- 
effectiveness considerations. As will be seen, perfor- 
mance requirements are developed during the feasi- 
bility studies of the conceptual design and are 
reasonably flrmed up by the end of this stage. They 
are shown as the first consideration. or 'spoke." of 
the design spiral in Fig. 7. As indicated in this figure 
by the two-way arrow, changes in these requirements 
during conceptual design may lead to adjustments in 
mission requirements to obtain a better solution to 
the design problem. Although changes are actually 
developed during the design process, it is more 
useful here to consider them as design input be- 
cause of their very close association with the mis- 
sion requirements. 

The relationship between mission and perfor- 
mance requirements is illustrated by two examples 
invoMng the mission requirements for (1) task-site 
depth and (2) details of work objects. Task-site depth 
leads to the performance requirements for mayinuun 
operating depth, D, and collapse or desbn depth D, 
The term Do is at least equal to the maximum site 
depth while 

D, = FDo 
where F is known as the factor of safety which 
accounts for structural design uncertainties. Its 
value. usually between 1.5 and 2.5. is determined by 
the designer or imposed by legal/quasi-legal MEDCs 
of classifying societies or certifying agencies. Details 
ofwork objects relate to several performance require- 
ments including, for example, maneuvering and 
manipulator capabilities. Maneuvering capabilities 
may be expressed as degrees of freedom (six degrees 
total-three in translations and three in rotation) or 
degrees of trim and list required, say, to attain a 
favorable submersible/work object orientation to 
facilitate work. Manipulator capabilities are given as 
degrees of motion freedom (shoulder, elbow, wrist. 

etc.) required to work on the object effectively. 
Manipulator-managed tools must also mate with the 
work object and be capable of performing the re- 
quired task expeditiously. 

A representative list of mission and performance 
requirements is given in Subsection 5.3. 

4.3 Post-Design Experiences 

The design of a new submersible is guided by 
experiences gained during the construction, testing, 
and operation of existing submersibles, the extent of 
this guidance increasing as the similarity between 
the new and sting designs increases. These expe- 
riences, if favorable. are key factors in selecting com- 
ponents for submersible (S) systems fiom a group of 
candidates all of which may enjoy state-of-the-art 
status. As has been noted, these experiences also 
provide input to the development of legal/quasi-legal 
MEDCs. As an example, the aforementioned ABS 
publication 'Rules For Building and Classing Under- 
water Systems and Vehicles" is based in part on 
experiential input. Past and current experiences 
are documented in test reports, user reports and dive 
logs. 

4.4 Design Criteria 

These criteria, as already indicated, permeate all 
aspects of submersible design, providing bases or 
standards for making design decisions and judg- 
ments aside from those imposed by other design 
constraints acting. They may be established by the 
owner/user, designer, or other entities, two major 
groups being criteria for design optimization and 
criteria for selecting the submersible (S) system's 
subsystems and components. For manned sub- 
mersibles, optimization of the conceptual design is 
usually based on either the cost-effectiueness or 
minimum weight criterion. These criteria are not 
necessarily mutually exclusive but do establish 
priorities for design considerations. For example, 
a mission requirement for very large payloads 
may invoke the minimum weight criterion for the 
design. Consequently, a highly efficient material 
(high strength/density ratio) may be used for the 
pressure hull, a material which is also very expensive 
and one which would probably not be used under 
the cost-effectiveness criterion. Cost-effectiveness, 
though, is generally the criterion used and is dis- 
cussed in detail in Subsection 5.3. The second 
group of design criteria is closely related to tech- 
nological areas and considerations pertinent to 
submersible design. These criteria are, in effect, 
the bases for technological MEDCs created by the 
owner/user or designer as well as by other entities 
such as classifying societies and certifying agen- 
cies. They include technological status, such as 
state-of-the-art, minimum cost and minimum 
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Chapter II 
Characteristics and Development of 
Submersibles' 
E. E. Allmendinger and J. A. Pritzlaff 

1. Introduction 

INCE ANCIENT IIMES, man has had the desire and 
the need to penetrate aquatic environments for S mili tq ,  scientific, industrial, and recreational 

purposes. In pursuit of these activities, he has devel- 
oped an amazing array of underwater vehicles, 
which, in general, are referred to as submarines and 
submersibles. Subma* is the term usually re- 
served for the large, self-sufficient, manned under- 
water vehicle that has been used almost exclusively 
for military missions. In contrast, submersible is 
used for the relatively small, manned or unmanned 
underwater vehicle that is heavily dependent on 
supporting systems, such as a surface ship, to ac- 
complish peaceful underwater missions. 

History, from the Aflh century B.C. until f&ly 
recent times, is replete with legendary and factual 
accounts of underwater vehicles, their builders. and 
their exploits. Perhaps the underwater adventures of 
Alexander the Great (356-323 B.C.) provide a logical 
starting point. One drawing depicts him observing 
the wonders of the Aegean Sea from a diving bell 
apparently made of glass (Fig. 1). Despite this ancient 
precedent for peaceN underwater pursuits, it was 
not until recent years that underwater vehicles were 
used extensively for other than military missions. 

Submersible development has drawn extensively 
on submarine technology. Consequently, it is appro- 
priate to review briefly some highlights of submarine 
history. 

One of the earliest underwater vehicles designed 
for warfare was a leather-covered rowboat built by a 
Dutch scientist, Cornelius van Drebble. around 1620. 
I t  is said that he successfully demonstrated his boat 

%is chapter contains materid ti-om an article written by E. E. 
Allme-ndinger for the 0CEA"IS magazhe of the Woods Hole Ocean- 
ographic Institutfon, which has @ven permission for its use herein. 

on the Thames River with no less important a per- 
sonage on board than King James I of England, 
diving to depths of 3 to 5 m and remaining submerged 
for a few hours. 

More than a century later, the Mle (Fig. 2). built 
by American colonial David Bushnell during the 
Revolutionary War, made the &st recorded attack by 

Fig. 1 Alexander the Great observing the wonders of the 
Aegean Sea from inside a glass diving bell (322 B.C.) 
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Fig. 2 Bushnell's Tude, built during the American Revolution, 
carried only one man, who had to crank the propeller, adjust 

ballast, and steer by looking through tiny portholes 

a submersible on an enemy warship, the IiMS Eagle. 
in New York Harbor in 1776. The plan was to bore 
into the ship's hull to attach a spar torpedo. Success 
was thwarted when the operator found the ship's 
bottom to be copper-plated. A few feet from his 
position was the unplated rudder post-and possible 
success. The attempt, however, Mghtened the British 
into moving the fleet's anchorage to more protected 
waters. Submersibles, although certainly not yet an 
integral part of any navy, were indeed on their way 
to becoming viable naval vessels. 

Robert Fulton's Nautilus (Fig. 3). the first of several 
submarines to bear the same name, was sd-pow- 
e x d  on the surface and man-powered submerged. 
Fulton successfully demonstrated its military attri- 
butes to Napoleon, blowing up a barge on the Seine 
River in 1800. The Emperor, however, remained in- 
different to this unorthodox method of naval warfare, 
which forced Fulton to turn his attention to England. 
He built a larger craft and in 1806 attempted to sell 
it to the British Admiralty through the good offices of 
William Pitt. Again rejected, a frustrated Fulton re- 
turned home to be recorded in history for building 
the steamboat Clennont. 

The HunZey was one of several 'David-class" 
submersibles built by the Confederate Navy during 
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the Civil War in a desperate attempt to break the 
Union Navy's blockade of southern ports. This craft 
made the world's Arst successful attack on an enemy 
warship, sinking the Federal corvette Hacsatonic in 
Charleston Harbor in 1864. It was a costly victory, 
however, both vessels being lost in the encounter. 

The development of the modern submarine began 
in the late 1800's and early 19OO's, the U.S. Navy 
commissioning its first submarine, the U S  Holland 
in April 1900 Wg. 4). Although the HdZards perfor- 
mance and safe operation were jeopardized by the 
use of a gasoline engine for propulsion, its hull shape 
was remarkably similar to that required for minimum 
submerged resistance. The submarine came of age 
in September 1914 when the German U-9 astounded 
the world by sinking the British cruisers Abackir. 
Cressy, and Hogw within a few minutes. Since that 

fateful day, the submarine increasingly has been 
recognized as a major arm of the world's leading 
navies, with all aspects of its design, construction, 
and operation undergoing continuous improvement. 

The U.S. NaVys so-called 'fleet boat" epitomized 
the United States' submarine development stage at  
the end of World War IkTo this point in its history, 
the submarine might m b e  appropriately have been 
called a 'submersible torpedo boat," since it was 
essentially a surface vessel that could operate sub- 
merged for relatively short intervals of time. This 
severe constraint was imposed, of course, by limited 
battery energy and the need for fiequent access to 
the atmosphere to operate the diesel engines and to 
replenish the crew's on-board supply of oxygen. 
Burdened with this constraint, designs emphasized 
surface-operating characteristics as embodied in the 

Fig. 4 USS Holland(SS1). The cross-sectional plan (top) shows that both gun and torpedo were housed within the hull. 
Conventional surface-ship design persisted in the form of masts for which a submarine had no use 
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'fleet boat"-a long, slender hull to reduce wave- 
making resistance encountered at  or near the sur- 
face with a superstructure and numerous append- 
ages to improve sea keeping and facilitate surface 
operations. 

The advent of nuclear power and the less-hedded 
oxygen generator in postwar years removed the need 
for extensive time on the surface, thus making pos- 
sible the development of the 'true submarine" as 
initially envisioned by Jules Verne-a vessel that 
could operate submerged for almost unlimited peri- 
ods of time. No longer obliged to acknowledge wave- 
making resistance, which disappears at deep depths, 
and surface operating priorities, designs could now 
stress submerged performance. This led to the devel- 
opment of a 'cod's head and mackerel tail"2 hull form, 
uncluttered with extensive superstructure and ap- 
purtenances in order to minimize submerged resis- 
tance and improve high-speed maneuvering. The 
USSAlbacore. with its streamlined hull. and the USS 
Nautilus. the worlds flrst nuclear submarine, Mti- 
ated the 'true submarine" trend. 

2. Modern Submersible Development 

2.1 Development History 

Modern submersible development began in the 
early 1930's. initiated principally by scientific re- 
search interests. These interests, of course, had 
existed for many preceding decades, but had been 
pursued primarily from on board such famous sur- 
face ships as the Beagle, Challenger, and Meteor. 
Now, scientists were becoming even more inquisitive, 
wanting to see for themselves just what was transpir- 
ing beneath the waves. A tethered submersible called 
a bathysphere (deep sphere) (Fig. 5) was built in 1930 
to serve this purpose. 

The bathysphere was a thick-walled steel ball with 
f u s e d  quartz viewports. ?Ns cast steel ball was 1.37 m 
(4.5 ft) inside diameter with a shell thickness of 31.75 
to 38.1 mm (1.25 to 1.5 in.). The sphere was lowered 
by a surface support ship using a 22.2-mm (344 in.) 
wire rope. William Beebe, azoologist, and Otis Barton 
used the bathysphere in 1934 to descend to a record 
depth of 923 m (3028 ft) off the coast of Bermuda to 
study and photograph deep-sea life. In 1948, Otis 
Barton built the benthoscope. a design very similar 
to the bathysphere, in which he made tethered dives 
to 1372 m (4500 ft) off the coast of Southern Califor- 
nia. The benthoscope was a sphere of 1.37 m (4.5 ft) 
inside diameter and a shell thickness of 44.5 mm 
(1.75 in.). 

World War I1 years saw underwater science and 
technology focus on submarine and anti-submarine 

'A phrase often used in describing the ideal hydrodyaamc 
hull-form for deep submergence propulsion. 

-. 

. . ~- 
Fig. S(a) Bathysphere (1930) 
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Fig. 5(b) Cutaway view of bathysphere used by William 
Beebe in his record dive of 1934, marking the beginning of 

modern submersible development (courtesy of National 
Geographic Society) 

warfare, and numerous developments of this period 
had direct impact on the designs of modern submers- 
ibles. The creation of a variety of new instruments 
and marine hardware made possible a dramatic 
increase in knowledge of the oceans, perhaps one of 
the most significant advances being made in the field 
of acoustics. 

Postwar years marked the advent of a strange new 
submersible called a bathyscaphe (deep boat) devel- 
oped by Auguste Piccard, a Swiss scientist, who also 
developed the stratospheric balloon (Fig. 6). The 
design of his flrst bathyscaphe, called I;pvRS-2 after 
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the Belgian research society funding the project 
[Fonds National Belge De La Recherche Scientitlque)]. 
embodied principles used in the balloon, FZVRS. After 
taking cosmic ray measurements at a record altitude 
of 16 280 m (53 400 ft) in the balloon, Piccard felt it 
was necessary to take comparable measurements in 
the deep ocean. The 'balloon" of the submersible was 
a large, thin-skinned steel tank filled with gasoline, 
which served as the buoyancy material and from 
which was 'hung" a heavy pressure-resistant steel 
personnel sphere. 

Piccards fist bathyscaphe, FNRS-2 (Fig. 6). was 
built in 1948. It consisted of a 2-m-inside-diameter 
(6.58 ft) steel sphere 89.9 mm (3.54 in.) thick. The 
light sheet metal float contained 30 m3 (1059 ft? of 
gasoline. Vertical control of the craft was achieved 
through the use of iron shot as the drop weight. 
Gasoline, although a liquid, is more compressible 
than sea water, and as the craft descended, buoyancy 
was lost due to this compression. As the gasoline 
compressed, displacement volume was lost, and the 
rate of descent of the bathyscaphe would increase to 
unsafe levels if weight was not dropped to compen- 
sate for the loss of buoyancy (displacement). As with 
any material or structure to be used in the deep 
ocean, its bulk modulus must be compared with that 
of sea water at the operational depth. 

The descent of ENRS-2 was controlled by iron shot 
dropped from large storage tubs through an electro- 
magnetic 'choke" valve. With safety of the craft and 
personnel in mind, Dr. Piccard used a well-proven, 
fail-safe concept and an early form of failure mode 
and effect analysis to achieve a safe return to the 
surface in the event of a power failure. The bathy- 
scaphe was battery-powered, and this direct-current 
power was used to control the release of the iron shot. 
With a magnetic 'choke" valve energized, a magnetic 
field was generated that froze the iron shot into a 
solid plug in the narrow opening of the shot tub. For 
normal release the electromagnet was de-energized 
for a short period and shot fell out. In the event of a 
power failure, the valves would be de-energized auto- 
matically and all of the shot would be released. In 
fact, to make the craft absolutely safe, the shot tubs 
themselves and the heavy main power batteries, were 
held in place with electromagnetic latches. All of the 
bathyscaphes developed during the 1950's and the 
1960's used this same fail-safe design and control 
principle. 

Although designed before WWII (1938-1939). the 
ENRS-2 was not completed nor were tests started until 
1948. ENRS-2 made an unmanned test dive to 1388 m 
(4554 ft) off Dakar West Africa (Senegal). Because of 
a lack of proper 'system" design and support equip- 
ment (due to limited research-type fundin@. the craft 
had to be towed on the surface when full of gasoline. 
High seas that built up during the test dive prevented 
the gasoline from being pumped out of the float, and 
storm-condition towing damaged the float beyond 

Fig. 6(a) Stratospheric balloon by Auguste Piccard 

Fig. 6(b) Piccards first bathyscaphe, FNRS-2 (1948) 

repair. Because funds were not available to continue 
the project, work on FWRSBwas stopped. The kench 
Navy took an interest in the program, and the FNRS-2 
personnel sphere was used for an improved bathy- 
scaphe, ENRS-3, which made dives to 4052 m (13 290 
ft) in 1954. Because Dr. Piccard wanted more con- 
trol over the bathyscaphe project, he left the FNRS-3 
program to build a new bathyscaphe in Meste, Italy. 
This craft, named Trieste (Fig. 7). made dives to 
3692 m (12 100 ftl in the Mediterranean (1956). 

Recent history of submersibles in the United 
States covers a period of about 37 years-from the 
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early 1950s to the present? The period may be 
spoken of in terms of the "first and second genera- 
tion" of submersibles, the first generation lasting 
until about 1973 and the second generation fiom 
1973 to the present. Initiation of the &st generation 
began in Italy in 1952 with the building of the 
bathyscaphe Trkste by Piccard. This vehicle was 
purchased by the U.S. Navy in 1953 and eventually, 
on January 23,1960, made a historic dive to 10 915 m 
(35 800 ft) in the Mariana Trench off Guam. This 
record depth has never been reached again by a 
submersible. During the same time frame the 
kench retired FNRS-3 and built a new bathyscaphe. 
Arc- (Fig. 8). It made dives in 1962 to 9604 m 
(31 500 ft) in the Kurile Deep of the Kamchatka 
Trench off Japan. 

%e -present" is mid-1988. 

Fig. 7(a) The bathyscaphe Trieste (1960 configuration) on 
display at the Navy Yard Museum, Washington, D.C. 

Fig. 8 The French bathyscaphe Archimede 

The 1950's also saw the development of under- 
water systems by Jacques-Yves Cousteau, including 
his soucoupe (diving saucer), Denice, which was one 
of the Arst shallow-diving submersibles to be used in 
the United States during the mid- 1960s (Fig. 9). The 
soucoupe could take two people to depths of 300 m 
(1000 ft). With a weight of 4.2 tons, this craft was 
easy to handle by a shipboard crane and with the 
support ship Catypso. The diving saucer has made 
hundreds of dives on a worldwide basis. 

To this point in its history, the submersible had 
been strictly a manned vehicle. The year 1960 marks 
the debut of the unmanned submersible. Until then, 
most underwater research data had been acquired 
by suspending individual instruments from a surface 
ship, but increasingly sophisticated research now 
demanded that two or more instruments record data 
in a c a r e m  coordinated manner. The solution, 
developed by Fred Spiess of Scripps Institution of 

/ OBSf RVATION 
GONDOVI 

Fig. 7(b) Cutaway of the Ttieste, which made the world's record dive to 10 915 m (35 800 ft) in the 
Mariana Trench off Guam on January 23,1960 (from Terry, The Deep Submersib/e, 1966) 
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Oceanogmphy in California, was to mount all re- 
quired instruments on a single frame, the total as- 
sembly being called a m  which was towed behind 
a ship at  specified depths. The fish enjoyed consid- 
erable success, especially when deployed from 
uniquely equipped research ships such as the M u m ,  
which is known for its successful role in the undersea 
searches for the ill-fated nuclear submarines U S  
Thresher and U S  Scorpion and for the H-bomb lost 
off Palomares, Spain. Those successes notwith- /, pi --? - -- 

I 

Fig. 9(u) Cousteau's diving saucer Denice 

standing, the unmanned submersible would not 
come into its own until the mid 1970's. 

Returning to manned submersibles, the Navy 
modified Trieste, to become Trieste U, to locate, in- 
spect, and photograph the wreck of the USS Zbesher 
in 1963 and to revisit the site in 1964. Modiffcations 
included a different float designed for faster towing, 
an improved maneuvering system and the installa- 
tion of the original 20 000 ft rated steel sphere. 

A portion of the flrst generation, lasting from about 
1963 to 1973. is sometimes rather descriptively sub- 
divided into two phases: the periods of 'great expec- 
tations," ending in 1969. and the 'doldrums," ending 
about 1973. Perhaps the key event initiating the &st 
phase was the tragic loss of the Thresher on April 1 0, 
1963. 

The Threshds legacy was to focus national atten- 
tion on the marine environment-n how much re- 
mained to be learned about it and how little work 
could be accomplished in its domain. The following 
years saw a great flurry of government and private 
activity and the formulation of a 'national ocean 
program." One of the most prestigious and compre- 
hensive documents produced was the Stratton Com- 
mission report, Our Nation and the Sea, which advo- 
cated the development of underwater work systems 
with capabilities down to 6098 m (20 000 ft). Com- 
mensurately, the heady 'great expectation" years 
witnessed both large and small companies, many of 
them aerospace-oriented, racing to establish them- 
selves in some area of the submersible field. The 
thought prevailed that the federal government would 
support 'inner space" research and development in 
a manner paralleling the support for its 'outer space" 

P 

Fig. 9(b) Cutaway view of the Denice 
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program-that there might well be a "wet NASA" 
established. 

But Vice President Agnew in the spring of 1969 
made it clear in a speech that the government had 
no such intention. In addition, increasing pressures 
of the Vietnam War caused a reassessment of the 
Navy's submersible interests and a retrenchment in 
funding Erom this major source of support. Thus it 
was, with few other customers in sight, that the great 
expectations faded, many companies withdrawing h m  
the field and some smaller ones failing in the process. 

Problems of this phase were compounded by the 
fact that many submersibles were built on specula- 
tion or to demonstrate company capabilities in the 
submersible field with the thought of improving fu- 
ture "bidder's list" standings. Designs were often 
based on mission requirements unrelated to well- 
identified markets: submersibles were constructed 
and then went looking for work. It is little wonder, 
then, that the "doldrums" would follow. This phase 
saw most submersibles laid-up or scrapped. the 
industry in general reaching a low ebb of activity. 

Although the submersibles of this era found few 
markets, they did represent the forward-looking 
views and designs of their creators. For example, a 
group of engineers within the Electric Boat Co. got 
together and built Star I. The Company began to 
think that there might be something to this small 
submersible business and went on to produce Ashemh 
for Dr. George Bass of the University of Pennsylvania 
for undersea archeological research in the Mediter- 
ranean off Turkey and the Greek Islands. Electric 
Boat continued in the small submersible business 
for a while, producing Star II (still operating in the 

Fig. 10 The Star //I by Electric Boat Division, General 
Dynamics Corporation, Groton, Connecticut 

Fig. 11 The TurtdSeadiff by Electric Boat Division, General 
Dynamics Corporation, Groton, Connecticut 

Hawaiian Islands) and Star III (Fig. lo), now on 
exhibit at San Diego's Sea World. Two later and larger 
submersibles were built by Electric Boat for the U.S. 
Navy in 1968, the flutle (Fig. 11) and Sea CZ@ 

Many other aerospace and industrial companies 
entered the market place during the early years of 
the submersible development industry in the mid 
1960's. Examples of craft built during this period are 
discussed in the appendix to this chapter. 

The second generation of submersible activity, 
beginning about 1973, has seen submersibles come 
into their own, establishing themselves as necessary 
and effective components of systems for accomplish- 
ing a wide variety of underwater industrial, scienttfic, 
and military tasks. Their successes, it must be re- 
membered, were, and continue to be, based on in- 
valuable experiences gained in the design, construc- 
tion, and operation of Arst-generation submersibles. 
Thus the phase of "great expectations," in which 
almost all of the first-generation submersibles were 
built, was not a lost cause. The successes, for the 
most part, were also based on well-defined markets 
and missions for submersible services that promoted 
a trend toward building specialized vehicles rather 
than the less-efficient, general-purpose submers- 
ibles of the first generation. 

Most markets for submersible services have been 
created by the activities of the expanding offshore oil 
and gas industries. These activities have generated a 
wide variety of tasks. including (1) seafloor surveying 
for suitable fwtings for platforms and for pipeline 
routes, (2) assisting in the installation of seafloor 
structures, platforms. and pipelines, (3) monitoring 
underwater activities, (4) inspection, maintenance, 
and repair of underwater structures and pipelines, 
and (5) providing assistance and mobile support for 
divers. 

Notable scientific activities also have required 
submersible services. Some outstanding examples 
include (1) the 1974 French-American Mid-Ocean 
Undersea Study (FAMOUS) of the Mid-Atlantic Ridge 
(Alvin, Archime&, and Cyanu) and (2) the 1979 East 
Pacific Rise study, locating thermal vents surrounded 
by an amazing array of benthic organisms (Alvin). 
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Chapter Ill 
The Environment 
J. D. Irish and W. S. Brown 

1. Introduction 

MARINE ENVIRONMENT consists not only of the 
water column. but also the atmosphere above T" the water's surface and the seafloor and sub- 

seafloor (that is, the sediment and rocks). A compre- 
hensive study of the marine environment is enor- 
mous in scope and thus is often subdivided into its 
disciplinary components-biological, chemical, geo- 
logical and physical oceanography, meteorology, and 
geophysics. This chapter will focus on those features 
of the marine environment which are of particular 
interest to designers and operators of submersibles. 
I t  is limited to basic introductory information, but 
the reader will be referred to oceanographic literature 
for further details in the areas of discussion. 

Every aspect of submersible design is influenced 
to varying degrees by one or more environmental 
factors. As noted in Chapter I, these factors comprise 
one of the several groups of so-called extemal design 
constraints--that is, constraints which are indepen- 
dent of or external to the mission on which the design 
is based. For example, temperature, salinity, pres- 
sure, and density gradients in the water column are 
encountered by all submersibles as they move 
through the water column irrespective of their indi- 
vidual missions. These external constraints may be 
subdivided into those which are k e d  by mission 
requirements and those which are variable. An ex- 
ample of the former is the mission requirement of a 
maximum operating depth which flxes the pressure 
on which the design is based. But the same mission 
requirements for maximum operating depth and lo- 
cations of operating areas do not flx specific values 
of temperature, salinity, and density of the sea water 
which will be encountered. In the latter example, the 
mission requirements indicate only ranges of these 
parameters that the submersible must be designed 
to accommodate. 

A summary of those design considerations which 
are influenced by environmental factors is presented 

in Table 1 of Chapter I. The following brief overview 
is intended to introduce the submersible designer to 
the elements of the marine environment which are 
most influential on submersible design. More de- 
tailed descriptions of some of the more important 
elements appear in later sections. 

I t  is convenient to view the marine environment 
from the perspective of its vertical profile, which is 
composed of three basic regimes: atmosphere, water 
column. and sub-seafloor. Of course, the character- 
istics of the water column are of primary interest in 
submersible design, but not to the exclusion of the 
other two environments and the interfaces between 
them. Figure 1 summarkes the various factors influ- 
encing submersible design and operations. Our over- 
view starts at the top and works downward through 
the water column to the sub-seafloor. 

1.1 The Atmosphere 

The atmosphere. much like the water below it, is 
a fluid in constant motion. Many of the same dynam- 
ical principles control the ways in which both fluids 
move, despite the large density differences between 
the two. The interface between the atmosphere and 
ocean is characterized by a continual exchange of 
energy between the atmosphere and the upper por- 
tion of the water column. Of particular interest are 
the exchanges of thermal energy (heat) which influ- 
ence sea and atmospheric temperature, and the 
kinetic energy associated with winds which are re- 
sponsible for the generation of surface waves and 
currents. 

Certain atmospheric factors such as wind, fog, 
rain, and icing at higher latitudes affect submersible 
operations on the sea surface. These factors influ- 
ence design considerations related to retrieval and 
become more critical in abnormal conditions where 
considerable time may elapse between the time a 
submersible surfaces and the time it is picked up. 
Heeling moments due to wind place constraints on 
the design of the extent and distribution of the 
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Fig. 1 Factors affecting submersible design for various regions of oman profile as shown at right 

submersible’s lateral area above the water line as well 
as provide adequate dynamic stability to limit heel 
angles. Fog and rain, or adverse weather in general, 
reduce or obliterate visual communications, stress- 
ing the need for other, highly reliable means of 
contacting the support ship. The possibility of icing 
and its effects on stability must concern the sub- 
mersible designer. 

1.2 The Air/Sea Interface 

The interface between the atmosphere and ocean 
can be open water, partial ice cover, or solid ice cover. 
The air/open water interface is the interface of pri- 
mary interest for manned submersible design and is 

the one discussed here. Partial and solid ice cover 
interfaces usually dictate the use of unmanned sub- 
mersibles (see Subsection 3.5). 

Surface waves are one of the primary concerns in 
submersible design. As discussed in Chapter I, the 
sea-state limitations imposed by surface waves play 
a major role in establishing the cost-effectiveness of 
the mission system, that is, the percentage of at-sea 
time a submersible can be used. Surface waves must 
be considered in connection with dynamic stability 
requirements to limit the angle of heel due to wave 
action and on freeboard requirements to protect the 
access hatch from waves and to facilitate retrieval 
procedures. Surface waves produce direct wave-slap 
forces on the submersible which need to be consid- 
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ered, and create splash-zone corrosion considera- 
tions if the vehicle is not hosed down between dives. 

The magnitude of expected surface currents af- 
fects the maneuvering requirements of a submersible 
design. The problem may not be severe ifthe support 
vessel is also being affected by the same uniform 
surface currents. In addition. currents can affect the 
submersible during the descent or ascent so it may 
not arrive precisely at the dive target or support ship 
and thus may have to spend valuable time position- 
ing itself. 

1.3 The Water Column 

For the purpose of discussion, the water column 
is subdivided into zones or layers, and each of the 
following environmental factors is discussed in terms 
of its principal effect on submersible design. 

1.3.1 Surface Gravity Waves-Shallow and Deep 
Layers 

Although surface gravity waves are most appar- 
ent at the air/water interface, their effects can 
extend to great depths in the ocean. The amplitude 
of surface waves and their associated currents are 
attenuated so that their effects become negligible 
(less than 5 percent) by a depth 44, where L is the 
wavelength. For typical wind waves (period of 20 s) 
in deep water this depth is about 300 m (984 ft) and 
almost never exceeds 1000 m (3284 ft). Conse- 
quently, the submersible experiences forces in the 
shallow-depth layer (several hundred meters) due 
to surface wave action. This motion may be severe 
enough to exert considerable influence on the de- 
sign of the launch/retrieval system, including that 
portion on the submersible. and put limits on the 
sea states in which safe operations can be consid- 
ered. 

Tides and tsunamis are other surface waves which 
have such long wavelengths (long periods) that their 
amplitudes are not attenuated appreciably with 
depth even in the deepest oceans. However, because 
their periods are so much longer (minutes to a day) 
than typical wind waves, the water velocities associ- 
ated with them are generally small. An important 
exception to this case occurs in coastal regions where 
tidal currents can be signitlcant. 

1.3.2 Internal Gravity Waves-Shallow and Deep 
Layers 

The vertical density gradients found in the ocean 
allow for another class of waves: internal gravity 
waves whose maxLmum velocities are found at the 
depths of the maximum density gradients. The ver- 
tical excursions associated with these waves can be 
very large (lo's of meters) with periods of minutes to 
an hour. 

1.3.3 Wave Generation Drag-Surface and Deep 
Layers 

The low air/water density ratio permits surface 
gravity waves to be generated at  the interface by a 
submersible moving near the surface. Internal grav- 
ity waves are also generated by submersibles moving 
along strong density gradients in the water column. 
The term "dead water" is used in association with 
such gradients found in or near fjords or estuaries. 

The generation of any of these waves creates a 
waue-making resistance and increases the energy 
required to move the submersible. This resistance 
tends to be greatest where the density gradient is 
largest, but the amount of energy used in making 
waves is dependent on the geometry and design 
speed of the submersible. For example, submersibles 
with missions requiring high speeds in the shallow 
ocean (where density gradients are large) should 
have geometries which minimize wave-making resis- 
tance. Conversely, submersibles with missions re- 
quiring high speeds in the deep ocean (where density 
gradients are small and wave making is less signitl- 
cant) should have geometries which minimize Mc- 
tional and form resistances. The submersible geom- 
etries in these two cases are considerably different. 

1.3.4 T W ,  Sabtity. Pressure, and Density 
(SprxiiWeighOofSea Water-U@perandLowerLayers 

Sea water temperature, salinity, and density vary 
substantially in the upper layer of the water column 
which extends down to about 1000 m (3284 ft). These 
variations, in general, are due to the influences of 
heat exchange and precipitation/evaporation across 
the air/sea interface at  a particular latitude and 
season. In the lower layer, below 1000 m, these 
characteristics tend to be relatively constant. The 
upper layer may be subdivided further into regions 
of seasonal and main thermoclines (haloclines)- 
where temperature (salinity) gradients are largest- 
extending, respectively, from the surface to about 
60 m and from this depth to about 1000 m. 

Density or specific weight of sea water is a function 
of temperature, salinity, and pressure. Conse- 
quently, this property will vary nonlinearly in the 
upper layer of temperature and salinity variations 
down to about 1000 m. In the lower layer, it may be 
approximated as a linear or exponential function of 
depth. 

Hydrostatic pressure in the water column is the 
integral of the density times gravity from the surface 
down to the depth of interest (that is, the weight of 
the water above). Therefore, the in situ pressure 
includes the effects of temperature, salinity, and 
sea-water compressibility, and varies nearly linearly 
with depth. (A unit volume of sea water moved from 
the surface to a depth of 9000 m is compressed by 
about 4 percent.) 

73 



CHAPTER 111 

m T e m p e r a l u r e  greater than 25'C (77OFI a Temperature 1025pC ( 5 0 7 7 O F l  Temperature less than 10'C (5O"Fl 

Fig. 2 Sea-surface temperatures in August. (From Sverdrup et al., 1942) 

These environmental factors, individually and col- 
lectively, influence most aspects of submersible de- 
sign and operation-including shell structure 
strength, corrosion considerations, We-support sys- 
tems, acoustical systems, electric/mechanical sys- 
tems exposed to sea water, and buoyancy control 
systems. Specific references to these factors are 
made in other chapters of this book 

2. Physical Properties of Sea Water 

Sea water can be characterized by its temperature, 
salinity (the dissolved solids). and pressure. From 
these three quantities and the equation of the state 
of sea water, the ocean scientist or engineer can 
calculate other desired quantities, such as the den- 
sity, sound velocity, heat capacity, or electrical con- 
ductivity. The oceanographic tables of yesteryear 
have been replaced by the microcomputer for the 
calculation of these derived quantities. 

2.1 Temperature 

The temperature. T. of a water parcel is expressed 
in degrees Celsius PC) and gives an indication of the 
energy or work that has been done on or associated 
with that water parcel. Temperature is now being 
easily and accurately measured by electronic ther- 
mometers employing thermistors or platinum resis- 
tance probes as the sensing elements. These sensors 
are capable of resolving microdegree temperature 
fluctuations, and are stable to didegrees  over a 
period of months. Oceanographic temperatures are 
referenced to the International Practical Tempera- 

ture Scale of 1968 OPTS-68). (See Mackenzie, 1971, 
for a discussion of and conversion between this 
standard and the older IPTS-48.) 

Oceanographic temperature tends to vary system- 
atically with depth and latitude. The surface water is 
warmer at low latitudes (maximums of 25 to 3OoC), 
where there is an excess of incoming solar radiation 
which heats the surface water. Surface water is 
cooler at the poles (minimums equal to the freezing 
point of saltwater-about -2"C), where energy is lost 
to the atmosphere by radiation. The distribution of 
temperature with latitude is not smooth, due to the 
general oceanographic circulation patterns, and will 
vary with seasons. (Maps showing global sea surface 
temperature distributions can be found in The 
Oceans, 1942.) Figure 2 shows typical summer sea 
surface temperatures. 

Figure 3 shows typical vertical distributions of 
oceanic temperature. There is a relatively shallow 
region of uniform temperature (from 0 to lo's of 
meters thick) associated with the mixed layer at the 
surface (caused by surface wave mixing). Below this, 
the temperature decreases sharply in a seasonal 
themodhe (found largely at mid-latitudes), which 
varies in depth and intensity. It can disappear en- 
tirely during the winter, because its strength depends 
on the weather during the past year. The vertical 
gradients in the seasonal thermocline are about 
0.05"C/m. Below the seasonal thermocline (which is 
generally conhed to the upper 100 m), there is the 
main (or permanent) therm0cZin.e which is found be- 
tween 100 and 1000 m and is maintained by the 
general oceanographic circulation and mixing. The 
temperature gradient here (O.O2OC/m) is less than in 
the seasonal thermocline. Finally, the temperature 
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Fig. 3 Typical vertical distribution of oceanic temperature 

in the deep ocean is neaU,,r uniform and is shown 
with a temperature gradient of 0.00l0C/m. 

Water is slightly compressible, so that the volume 
of a parcel of water moved h m  the surface to the 
ocean floor (5000-m depth), where the pressure is 
over 7000 psi (almost 500 times atmospheric pres- 
sure), wiU decrease by about 2 percent. If this com- 
pression is done adiabatically (without loss or gain 
of heat), the work done by the pressure moving the 
water molecules closer together will raise the temper- 
ature of the water parcel at a rate of about 1.4 x 
1040C/m. For example, if a parcel of sea water at 
5.00OoC/m at a 4000-m depth were raised adiabati- 
cally to the surface, the temperature would decrease 
to 4.574"C. Conversely, if a parcel with temperature 
of 5.0OO0C at the surface were moved to a 4000-m 
depth, the temperature would increase to 5.438"C. 
In the North Paciflc, the temperature below 3500 m 
increases with depth at  a rate which is about the 
adiabatic gradient (1.5 x 1040C/m), indicating that 
the water is very well mixed, but the compressibility 
effects seemingly cause the temperature to increase 
with depth. 
To compare the temperature of two parcels of 

water, the oceanographer refers to the potential tem- 
perature, or 8, which is the in situ temperature, T(the 
temperature of the parcel at its site in the ocean as 
measured by a thermometer), which has been cor- 
rected for these compressibility effects. Generally, 
temperatures are corrected to the surface or zero 
relative pressure, but to compare two parcels at great 
depth, it is sometimes more accurate to correct to a 
common or a standard non-zero pressure surface. 
This is because our knowledge and estimation of the 
compressibility effects is not perfect, and the results 
are sometimes better if only small corrections were 
made to each observation, rather than comparing 
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two numbers after subtracting large corrections. 
(Note that oceanographers refer to zero pressure as 
the pressure at  the ocean surface, which is really one 
atmosphere absolute pressure, or about 14.78 psi.) 

2.2 salinity 

The salinity of sea water, S, is the total amount of 
dissolved material or 'salt" in the water. I t  is 'the total 
weight of solid material (in grams) found in 1 kilo- 
gram of sea water when all the carbonate has been 
converted to oxide, the bromide and iodine replaced 
by chlorine, and all organic matter completely oxi- 
dized" (Forsch, Knudsen and Sorensen, 1902). The 

Table 1 Composition of sea waterdoncentration of con- 
stituents in sea water having a chiorinity of 19% 

glunit of 
chlorinitv 

Chloride, C- 18.890 0.99894 
Sodium, Na+ 10.560 0.5556 
Magnesium, Mg++ 1.273 0.06695 
Sulphate, (SO4)-- 2.649 0.1394 
Calcium, Ca++ 0.4104 0.02106 
Potassium, K' 0.380 mgkg 0.02000 
Carbon, as (HCQ)-or (CQ)-- 28 0.00735 
Bromide, Br- 65.9 0.00340 
Strontium, Sr++ 8.1 0.00070 
Boron, as H3B03 4.6 0.00137 
Silicon, as silicate 0.01-4.5 - 
Flouride, F- I .4 0.00007 
Nitrogen, as (NO$ 0.01-0.80 - 
Aluminum, AF3 0.5 
Rubidium, Rb' 0.2 
Lithium, ti+ 0.1 

- 
- 
- 

Phosphorus, as (P04)-3 0.001-0.1 - 
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salinity is usually expressed in grams of solids per 
kilogram of sea water or parts per thousand, which 
is abbreviated Voo. The composition of the various 
constituents of sea water are summarized in Table 1. 
(Note that sodium and chlorine make up more than 
85 percent of the dissolved solids.) The concentra- 
tions of the dissolved elements are surprisingly con- 
stant, except in coastal regions where there is appre- 
ciable input of fresh water or in regions containing 
an odd mixture of elements, such as near hydrother- 
mal vents in the seafloor. Therefore, there is an 
implicit assumption that the ionic composition of the 
ocean is fairly constant, as given by Table 1. 

Historically, the salinity was determined by the 
chemical titration of a sample collected in a bottle 
lowered on a wire from the ship. This titration deter- 
mined the chlorinity of sea water, which could be 
directly related to salinity by 

salinity = 1.80655~ chlorinity (1) 
Presently, instead of directly measuring salinity, 

we use various sensors to measure the electrical 
conductivity of sea water and then calculate the 
salinity from the equation of state. The electrical 
conductivity of sea water is about 4 siemens/meter 
or S/m, where a siemen is inverse ohms or the SI 
unit of conductivity. The stability of conductivity 
sensors for use at sea is improving, and current 
instruments are stable enough that we can simply 
and reliably make measurements of in situ conduc- 
tivity. Considerable work was done in the '70s on 
the definition and measurement of conductivity 
and on the equation of state of sea water used to 
calculate salinity which lead to the adoption of the 
Practical Salinity Scale of 1978 (PSS-78). (For de- 

tails, see UNESCO Technical Papers in Marine Sci- 
ence, 1981.) 

The surface distribution of salinity is less zonal 
and shows less variation than the temperature dis- 
tribution. The amount of salt is largely controlled by 
evaporation and precipitation in open ocean regions, 
fresh river runoff in coastal zones, and ice formation 
and melting in polar regions (both sea ice and gla- 
ciers). The lowest salinities (0 to 30%!) are found in 
estuaries and polar regions. Coastal salinities are 
typically higher (30 to 34%0). but less than open 
ocean salinities (33 to 3703). The average oceanic 
salinity is 34.7%. Semiclosed evaporation basins 
such as the Mediterranean and the Red Sea exhibit 
such high salinities as 39 and 410/0. The outflow of 
the salty Mediterranean waters into the North Atlan- 
tic makes the Atlantic slightly saltier than the Paciffc. 
The highest open ocean salinities are found in the 
center of the oceanic gyres (see the section on wind- 
driven circulation), and there is a relative low salinity 
band along the equator due to excess rainfall. (See 
The Ckeans. 1942, for charts showing the distribu- 
tion of surface salinity: see also Subsection 3.5.) 
Figure 4 shows sea surface salinities for the northern 
hemisphere during the summer. 

The salinities also vary vertically, as shown in 
Fig. 5. As with temperature, there is a surface mixed 
layer with relatively low salinity gradients. Below 
this there is a strong halocline where the salinities 
decrease and have a destabilizing influence. The 
depth of the halocline roughly agrees with the depth 
of the thermocline. There tends to be a salinity 
minimum around 800 to 1000 m at mid latitudes. At 
low latitudes there tends to be a high surface salinity, 
and low surface salinities are found at high latitudes. 

Salinity greater than 36 parts per thousand Saliniw 34-36 parts per thousand Salinity less than 34 parts per thouranc 

Fig. 4 Salinity of sea-surface water in northern summer. (From Sverdrup et al., 1942) 
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2.3 Density 

The most important dynamic property of sea water 
is its density, p. This is sometimes expressed as the 
speciflc volume (the inverse of density), u = 14. Den- 
sity is generally calculated from the equation of state 
of sea water, which is expressed as a function of 
temperature, T, salinity, S, and pressure, P. (Ocean- 
ographers often use the decibar as a pressure unit 
since 1 decibar is nearly equal to the pressure due 
to 1 m of sea water. Note 1 decibar = lo4 pascals, SI 
unit of pressure.) lf.pical values of surface oceanic 
density vary from 1020 to 1030 kg/m3. Oceanogra- 
phers tend to get tired of writing the 1000 every time, 
so have expressed density more conveniently in 
terms of the in situ density anomaly, o m .  which is 
delined as 

OSTp = p-1000 (2) 
The currently accepted reference for calculations of 
sea water properties is the 1980 equation of state of 
sea water (EOS-80) as given by UNESCO, 1981. 

As with temperature, pressure effects on density 
are important since the volume of a parcel of water 
decreases as the depth or pressure increases. Hence 
a parcel with a density anomaly of 28.106 kg/m3 at  
the surface will have a density anomaly of 46.64.4 
kg/m3 at 4000 m. As can be seen by this example, 
the pressure effect can be signiticant and especially 
in the deep ocean can obscure the effects of temper- 
ature and salinity variability. To compare the density 
of two water parcels, oceanographers have defined 
two further quantities. Sigma-t. otr is delined as the 
density anomaly with the in situ salinity and temper- 
ature, but zero relative pressure. This removes the 
largest effect of the pressure on the volume, but does 
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not consider the change in temperature. Sigma-€).oe, 
is the density anomaly with the fn situ salinity, the 
potential temperature, and zero pressure. Thus we 
have a quantity which is delined in terms of the 
intrinsic properties of water properties at zero pres- 
sure or at the surface where the water probably 
acquired these characteristics. The external influ- 
ence of pressure on the volume and temperature of 
the water has been removed, and the density of two 
parcels of water can now be truly compared. 

An important feature of the ocean is its vertical 
density gradient or stratification. Normally, density 
increases with depth because there is the tendency 
for heavier parcels to sink below lighter parcels. 
When a parcel is displaced from its equilibrium 
position, there is a restoring force (due to the density 
difference and gravity) which tends to return the 
parcel to its equilibrium position. The strength of this 
restoring force is related to the vertical potential 
density gradient. (Note that this restoring force gives 
rise to a class of oscillations called internal waves 
which are discussed further below.) Oceanographers 
express the strength of this restoring force as the 
Brunt-Vaisala frequency, or natural frequency of 
oscillation. 

N ( z ) =  --- 4 ;2 (units are rad/ s) (3) 

It is the slope of the vertical density profile corrected 
for the effects of compressibility. If N is positive, 
heavier water is on the bottom and the water column 
is stable. If Nis zero, the water is of neutral stability: 
it is an indication of well-mixed water. If N is imagi- 
nary, then there is heavier water sitting on top of 
lighter water, or the stratification is unstable, and 
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Fig. 5 Vettical variation of oceanic salinities 
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one degree Centigrade. Thus the units are J/(kg"C). 
C p  is a function of temperature, T, salinity, S, and 
pressure, P. For sea water, the specific heat increases 
with temperature and decreases with salinity and 
pressure. ?srpical values are around 4000 J/(kg°C). 
The best empirical fit at  zero pressure is given by 
Mfflero et al., 1973. which extends to low tempera- 
tures. The pressure effect has not been directly 
measured, but has been estimated by Fofonoff and 
given in the UNESCO papers, 1983. 

2.6 Sound Velocity 
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Fig. 6 Latitudinal variation of oceanic temperatures, salinities, and densities 

one would expect vertical water motion. Therefore, 
one can express the vertical profile of density by 
either density as a function of the depth, or by the 
Brunt-Vaisala frequency, N, as a function of the 
depth. 

Flgure 6 shows the variation of temperature, sa- 
linity, and density (sigma- t) with latitude. Density is 
largely controlled by temperature except in polar 
regions where salinity variations become significant. 
Representative vertical profiles of density are shown 
in Fig. 7. The regions of high-density gradient (high 
A?) are called pycnoclines and indicate regions of high 
stability. These regions strongly resist displacement, 
but can trap internal waves, which can in turn 
interact with a submersible operating in or passing 
through these regions. 

c t  D E N S I T Y  

2.4 Temperature-salinity Relationship 

Water from different parts of the ocean tends to 
have different and distinctive temperature and salin- 
ity characteristics. Oceanographers have classified 
"water masses" by their TS relationship. Figure 8 
shows the principal water masses of the world de- 
fined and shown for comparison. Superimposed on 
the T-S plot are lines of equal density, sigma-t. 
Oceanographers use such relationships to study 
water motion and mixing, but they can also give 
submersible designers a summary of the tempera- 
tures and densities they will encounter in different 
parts of the worlds oceans. 

2.6 Specific Heat 

The specific heat of sea water, Cp, is deflned to be 
the heat in ioules reauired at  a constant pressure to 
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Fig. 8 Relation between temperature and salinity below the disturbed near-surface layer for the entire world ocean 

turbations or fluctuations in pressure about the 
mean. We call these pressure oscillations sound, 
and they travel in the ocean with a velocity of about 
1500 m/s, which is about flve times faster than in 
air. The ocean is relatively opaque to all forms of 
electromagnetic radiation (from long radio waves 
through short ultraviolet), but transmits these sound 
oscillations much better than the atmosphere. Here 
acoustics are a valuable tool for communication and 
getting a 'Mew" through the ocean. The velocity of 
sound is a function of the temperature, salinity. and 
pressure, increasing with all three factors. The most 
recent work by Chen and Millers, 1977, used stan- 
dard sea water and so is consistent with the PSS-78 
and in good agreement with values computed from 
the EOS80. 

Temperature effects dominate the sound velocity 
profile in the upper ocean, causing a decrease in 
sound velocity with depth. Pressure effects dominate 
in the deep ocean, increasing sound velocity with 
depth. Therefore, the resulting profile has a mini- 
mum at about 1200 m depth. The variations in sound 
velocity with depth have little effect on vertical or 

near-vertical transmissions of sound, as in commu- 
nications between a submersible and a mother ship 
directly above. However, the sound velocity proAle 
and the minimum or "sound channel" has important 
implications for horizontal or near-horizontal h n s -  
mission of sound. 

Sound traveling from a point source will spread 
out spherically, so that the sound energy will de- 
crease as the square of the distance from the source. 
The limit of sound transmission is reached when the 
energy density decreases until it is equal to the 
ambient noise level (see below). If the energy were 
confined between two vertical surfaces, then in cy- 
lindrical spreading the reduction in energy would be 
proportional to the distance, so it will travel further 
before decreasing to ambient noise level. Sound trav- 
els along paths or 'rays" which are governed by 
Snell's law: 

clsine2 = c2sinel (4) 

where C is the velocity of sound, 8 is the angle of the 
ray from vertical, and the subscripts refer to the 
different layers. Hence it is obvious that the rays are 
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Fig. 9 Acoustic ray trace showing sound channel and shadow zone 
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bent toward lower velocity, and that a ray path from 
a source at the depth of the sound channel will be 
refracted toward the sound channel. Hence the rays 
are concentrated at that depth and consequently 
travel a large distance. The energy contained within 
a solid angle marked by four rays being emitted from 
the source is constant, so when the energy is con- 
centrated in the sound channel, the spreading is 
closer to cylindrical than spherical. Hence. it is not 
surprising that large distances can be obtained by 
transmitting near the depth of the sound velocity 
minimum. 

There are other source velocity profiles which are 
of greater concern to the submersible operator. Con- 
sider the case of a mixed layer where the sound 
velocity is controlled by pressure and increases with 
depth. Any sound transmitted into this region will be 
bent toward the surface. If this layer is above a layer 
with decreasing temperature which dominates over 
pressure, then rays penetrating into this layer will be 
refracted toward the bottom. This results in a shadow 
zone where acoustic communication or detection is 
impossible (Fig. 9). 

2.7 Hydrostatic Pressure 

For most practical purposes, the vertical equation 
of motion reduces to 

ap 
az P 9  -= (5) 

and integrating from the surface (where we take the 
pressure to be zero) to depth z gives 

P ( z )  = Fgz (6) 
where is the average or integrated density to depth 
z. This states that the pressure at  a depth is due to 
the weight of water over it, and ignores any dynamic 
effects. P is sometimes called the hydrostatic pres- 
sure, because if all motion were to cease, the equa- 
tions of motion would simply reduce to equation (6). 
This also gives a method to convert pressure (as 
measured by a pressure sensor) to depth. If one 
assumes the density of an average ocean profile. then 
equation (6) converts gage pressure to depth. For 

example, a pressure of 4062 dbars (5891 psi) con- 
verts to a depth of 4000 m (see Sanders and Fofonoff, 
1976, or UNESCO, 1983, for further details and 
limitatiOnS). 

2.8 Acoustic Ambient Noise 

The limitation to acoustic transmission and detec- 
tion in the ocean is the ambient noise level. This is 
due to a number of factors which add up to a 
background spectrum, as shown in Fig. 10. The noise 
level decreases with increasing frequency. Chief 
sources of low frequency noise (1 to 100 Hz) are 
seismic activity and explosions. In mid-frequency 
ranges (10 to 1000 Hz), ship noise is predominant 
except during rainstorms, when the noise of the rain 
hitting the surface becomes significant. At high fre- 
quencies (100 to 10 000 Hz), wind-generated noise 
dominates and is a function of wind speed. 

2.9 Freezing and Sea Ice 

The freezing temperature of sea water is depen- 
dent on the salinity and pressure of the water. Miller0 
and Leung, 1976 (or UNESCO, 1983). give an empir- 
ical form to laboratory measurements at low pres- 
sure. For example, sea water of 35% at the surface 
has a freezing temperature of -2.54"C. As sea water 
freezes, the salt settles out in brine channels, which, 
because it is thus concentrated salt, is more dense 
and settles. Thus cold, salty water tends to form in 
areas where sea ice is being formed. 

In regions where ice is melting, the salinity will be 
low, and a low salinity or freshwater layer is found at 
the surface. This reduces the density considerably 
and has implications for the buoyance requirements 
of a submersible which is operating here. 

2.10 Coefficient of Thermal Expansion 

One of the unique properties of fresh water is the 
reversal in the sign of the coefficient of thermal 
expansion at 4°C. Thus, water starting to freeze at  
0°C is less dense than water at 4°C. As the salinity 
increases, this temperature of maximum density 
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Flg. 10 Background spectrum of ambient noise level in the ocean 

decreases. At a salinity of 24.7%0, the freezing point 
and temperature of maximum density axe equal at  
-1.33"/C. For salinities greater than 24.7%~ the 
water continues to decrease in density with decreas- 
ing temperature until the freezing point is reached. 
A typical value of the coefflcient of thermal expansion 
is 2 x ~ o - ~ o c .  TMS value increases with temperature 
and pressure. 

3. Dynamical Processes 

3.1 Surface Gravity Wind Waves 

Waves are an emcient method of transporting 
energy from one point to another. The waves trans- 
port energy but, unlike ocean currents, do not h n s -  
port the water itself. Figure 11 summarizes the en- 

ergy density spectrum (proportional to wave ampli- 
tude squared) of surface waves according to wave 
frequency. The major energy in surface waves ap- 
pears at the once- and twice-a-day tidal frequencies 
and in the 1- to 40-9 wind wave fkequency band. 
Waves are like simple harmonic oscillators where the 
density discontinuity at the &/sea interface and the 
force of gravity form the restoring force analogous to 
the mass and spring used in introductory physics 
classes. In addition to gravity for the long-period 
waves such as tidal motion, the effects of the earth's 
rotation become apparent in the restoring force. To 
gain an  understanding of the principles involved, we 
shall tirst examine a single frequency, small ampli- 
tude, simple sinusoidal wave at  the ocean's surface 
and then expand our description of the full ocean 
spectrum shown in Fig. 11 as a sum of these simple 
waves. 
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Fig. 11 Estimated schematic representation of the energy contained in the surface waves of the oceans 

Waves can be characterized by their period, wave- 
length, speed, and amplitude. A simple sine wave, 
ntg. 12, has a wave height, H, equal to the distance 
from crest to trough and is twice the amplitude, A. 
The wavelength, A. is the distance from crest to crest 
or trough to trough. The wave period, T, is the time 
between successive crests as seen at a fixed location. 
It is generally more convenient to refer to the wave- 
length and period in terms of the wave number, k, 
and frequency, o, as 

The wave phase speed. C (often referred to as celerity), 
is the distance the wave crest travels in a period. or 

C = L O  
T k  

If we align the x-axis with the direction of wave 
propagation, the waveform of a simple progressive 

w L 
h = wavelength 
H = wave height 
A = waveamplitude 
T = waveperiod 
1 = waveform 

Fig. 12 Characteristics of a wave 

wave can then be described as a hnction of space, 
x, and time, t, in the general form 

(9) 
where @ is an arbitrary phase chosen at  x = T = 0. 

Assuming that the wave height is much less than 
the wavelength or water depth. and making other 
suitable simplifications to the Navier-Stokes equa- 
tions, a set of simple solutions (often called the Airy 
solution) can describe the water velocity distribution 
associated with the wave in equation (9). (For the de- 
velopment of these solutions. see Kinsman, 1965, etc.) 

The frequency, a. of an Airy wave is related to its 
wave number, k, by the dispersion relationship, 

q(x.t) = A c ~ ( k x -  t -@) 

a2 =gktanh(kh) 

C2 =gtan(kh) k (1 0) 

where g is the acceleration due to gravity and his the 
water depth. The phase velocity can be determined 
from equation (10). but not simply, since we cannot 
get an explicit solution to o/k. 

The energy in the surface waves travels at the 
groupvelocity, Cg, which can be determined from the 
dispersion relationship by 

am 
g-  ak 

c -- 

Again, like equation (10) this does not have a simple 
solution because k appears as the argument of the 
hyperbolic tangent as well as a multiplier. 

To simplify the above equations, we note that the 
hyperbolic tangent has two limits. When kh is small 
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Table 2 Sinusoidal progression waves 

Term I General Expression I Deepwater I ShallowWater 

q = A C O S ( ~ ~  - at) 

Phase Velocity 
C 4: tanh(kh) 

g_ C=* Group Velocity sinh(kh) cosh(kh) + kh 
cg I 2o cosh2( kh) 

p 4 e k "  P 4  

-J?@.- cos(kx- ot) 0 P 4  

Pressure Deviation 
Ap(x. z t) 

Bottom Pressure 
Ap(x. -h, t)  cosh( kh) 

[less than 0.3). then tanh(kh) is approximately kk 
When kh is large (greater than 1.5), then tanh(kh) is 
approximately 1. The case where the wavelength is 
small (large k) as compared with the depth h (kh is 
large), the solution simplifies to the 'deep water" case 
of o2 = gk. When the wavelength is large compared 
with the depth (kh is small), then the solution sim- 
plifies to the 'shallow water" case of C? = g h  If kh is 
neither large or small. then the full dispersion rela- 
tionship must be used. 

The Airy solutions can then be simpMkd to deep 
and shallow water approximations, as well as the full 
solutions for intermediate water. These relationships 
as a function of time and depth in the water are 
tabulated for the three cases in Table 2 and dis- 
cussed below and illustrated in Fig. 13. 

3.1.1 Shallow Water Solutions 

When the wavelength is greater than 20 times the 
depth (kh < 0.3). then the shallow water approxima- 
tions apply and the depth becomes the controlling 
factor. The phase velocity and group velocity are 
the same and are not dependent on k. The 
horizontal component of velocity is not a function of 
depth, but is constant from top to bottom. The 
vertical component of water motion decays linearly 
from its maximum at the surface to zero at the 
bottom. The pressure under a shallow-water wave 
also is not a function of depth (no attenuation), but 
is just tFe hydrostatic pressure due to the amount of 
water above. These solutions describe long waves 
such as tides and tsunamis and normal wind waves 
when they propagate into shallow water near the 
coast. 

When two progressive waves traveling in opposite 
directions are added, or a wave is reflected, a stand- 
ing wave results. The velocity under a standing wave 
is quite different and is illustrated in Fig. 14. 

3.1.2 Deep Water Solutions 

When the water depth is greater than one quarter 
the wavelength (kh> 1.5) then the deep water ap- 
proximations apply and the water depth becomes 
unimportant. The horizontal and vertical compo- 
nents of velocity are equal and the orbits become 
circles which decrease exponentially as a function of 
depth. Their motion becomes negligible (decays to 

of the surface value) at a depth equal to one half 
the wavelength. Therefore, for a typical 10-s swell, 
C = 16 m/s and h = 1 56 m. The wave particle velocity 
is 1.6 m/s at the surface and decays to 0.7 m/s at 
78 m = wavelength/2. 

The group velocity now becomes half the phase 
velocity, and we have what are referred to as 'disper- 
sive" waves. The energy travels only half as fast as 
the wave form, so if one has a Anite 'packet" of 
energy, one will see individual waves appear at the 
back of the packet, grow in amplitude as they move 
up in the packet, and then die out as they move out 
the front of the packet. The packet itself moves with 
the group velocity, and the individual waves move 
with the phase velocity. Longer wavelength waves 
travel faster than shorter wavelength waves. A storm 
generates a whole 'spectrum" of frequencies: the 
longer [lower frequency) waves travel faster than the 
shorter (higher frequency) waves, and the waves 
'disperse." This becomes evident when watching the 
swell generated by distant storms. On successive 
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Fig. 13 Relationships of Airy solutions in deep, intermediate, and shallow waters 

days, the period of the observed swell will increase in 
frequency, because the slower, shorter wavelength, 
higher frequency waves will travel slower and arrive 
later than the faster, longer wavelength, lower fre- 
quency waves. Dispersion can easily be observed by 
throwing a rock into a still pond and watching the 
resultant disturbance spread out with time. 

3.1.3 Wave Energy 

The energy in the Airy wave is equally partitioned 
between potential energy (displacing the sea surface 
from its equilibrium position) and kinetic energy 
(water particle motion). The average kinetic energy 
(KE) per square unit of surface area from the surface 
to the bottom is found by integrating from the surface 
to the bottom and over one wavelength. Similarly, the 
average potential energy (PE) per surface area is 
found by integrating the displacement, and is found 
equal to the kinetic energy. 

(1 2) KE = PE = -pgA2 

Hence the total energy is lh(pgAz) or, in terms of the 
wave height, 

1 
4 

(13) total energy = -pgH2 

This could be thought of as the work required to lift 
a sheet of water of thickness H. through a vertical 
distance of % the wave height, or the energy in a layer 
of water of depth H moving at a velocity of the square 
root of 1/4@H). These results are independent of the 
wave period or frequency. 

The energy in small amplitude surface waves trav- 
els at the group velocity, CT The rate of transmission 
of energy per unit of wave crest for deep water waves 
becomes 

(1 41 energy flux = -pg2H2T 

The flux of power in a given length of wave of wave 
crest s is about lo4 H~TS, so for a typical 4-ft wave 
with a 10-s period along a 100-ft-long section of wave 
crest, the flux of power is 4.5 x 10" ergs/s or about 
0.02 hp. 

1 
8 

1 
32 

3.1.4 Signijlcant Wave Height 

When one observes the sea surface, one is looking 
at the sum of many individual waves. The eye is very 
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Fig. 14 Summary of orbital velocities beneath a standing wave 

poor at  estimating the wave height of an individual 
wave in this complicated sum, but if an experienced 
observer were to estimate the average wave height, 
he or she would come close to the significant wave 
height, Hh. which is dehed  as the mean of the 
highest one-third of the waves present. This param- 
eter does not have any "significance" in itself, but it 
is used by certain models in forecasting ocean waves. 
An approximation of the significant wave height as a 
function of wind speed is 

Hg = 1 . 8 2 ~ l O - ~ U ~  (1 5) 
where H is in feet and U is in knots measured 64 ft 
above the sea surface. 

3.2 Energy Density Spectrum of Surface Waves 

Figure 11 gives the spectrum of sea-surface eleva- 
tions and illustrates that the sea surface is not the 
simple Airy wave discussed above, but something 
more complex. However, studies have shown that if 
we consider the sea surface as the sum of a large 
number of different Airy waves of different frequency 
traveling in different directions, these simple solu- 

tions apply surprisingly well, except in shallow water 
regions where the depth changes rapidly and the 
wave height increases rapidly, and friction and dis- 
sipation effects become important. The spectrum 
shown does not consider any directional@, but 
could be obtained h m  a measurement of sea surface 
elevation at a single point. Measurements of direc- 
tional spectra require either several sensors in an 
antenna or direction sensitive instrumentation. Di- 
rectional wave spectra (Fig. 15) show a much more 
complicated picture of the wave energy and its direc- 
tion of propagation. 

3.3 Wind-Generated Waves 

Wind blowing over the ocean's surface creates 
the oscillations we call waves. To describe statisti- 
cally the sea surface, one looks at the frequency 
domain description or the power spectral density of 
the sea surface, which shows the amplitudes of the 
various sinmi&. These are added together at each 
hquency to describe the observed sea surface. Fig- 
ure 16 shows a number of spectra measured at 
different wind speeds. It is clear that the faster 
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Fig. 15 Smoothed directional spectrum of wind-generated waves 

wind speeds produce spectra with higher energy 
waves at lower frequency. When the wind blows for 
a length of time, the sea builds up to a state in which 
the waves break, having too much height for their 
wavelength. Therefore, we see spectra which have 
less energy (lower amplitudes) at  higher frequencies 
and higher amplitudes at  lower frequencies. The 
higher frequency end of the spectrum (at higher 
frequencies than the peak) is described by a &e- 
quency to the fifth-power law. The slope of the waves 
can be determined from our simple wave theory, 
and the mean square slope increases with frequency, 

so the higher fi-equency waves have the greater slope, 
and they break the earliest. Thus the spectrum can 
be described as a saturation spectrum, because if 
more energy is input at a specilic frequency, the 
waves cannot get higher without breaking. and the 
spectrum reverts to the equilibrium. This can be 
modeled as 

(1 6) 

The low end of the spectrum is dependent on the 
fetch and duration of the wind. It is obvious that it 

energy density = - Bs2 
f5 
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Fig. 16 Averages of selected spectra for winds from 20 to 40 knots 

takes some time for the ocean to reach an equilibrium 
state or fully developed sea once the wind has started 
blowing. Therefore, the duration of the wind is im- 
portant. Also, the wind has to blow over an area or 
distance, called fetch, before the equilibrium state is 
reached. If there is not enough duration or fetch, the 
spectrum does not reach equilibrium, and the waves 
are said to be duration or fetch limited. Ngure 17 
shows an example of combined duration and fetch 
as a function of integrated spectrum E and wave 
frequency f. As an example. if a 32-knot wind has 
blown for 20 h over a 200-nautical-mile fetch, the 
20-h line intersects the 32-knot cumulative spec- 
tnun line a t f=  0.09 Hz and E = 46 fi?. The sea is 
duration limited, because ifit blew for 28 h, we would 
get an Eof 80 ft2, which is nearly the maximum. (Note 
that the signiAcant wave height for the 20-h wind is 
2.83 times the square root of E-about 18 ft.) Also by 
the same arguments, the 200-nm fetch is limiting the 
waves. A fetch of greater than 500 nm would be 
required for our 32-knot wind to avoid fetch limita- 
tions. 

Assuming a fully developed sea, the spectrum 
should cut off at some low frequency point which is 
a function of the wind. This is often modeled as 
another term in equation (16) as 

energy density = 

where B and D are both numerical constants (B = 
8.27 x and D = 62.368)Jis the frequency in Hz, 
and U is the wind velocity in knots. The energy 
density is then fi?/Hz. This can be integrated to get 
the total energy. E, in a idly aroused sea, as used in 
Ng. 17. 

3.3.1 Shoaling E f l e t s  

AU waves propagating in the ocean will either die 
out gradually due to Mction or eventually reach the 
coast and be dissipated. There is no effective change 
in swell as they move toward the coast until they 
reach shallow enough water that they 'feel" the 
bottom. Then the depth controls the wave velocity, 
and refraction can occur. The depth at which the 
waves are influenced by the bottom is dependent on 
the wavelength as discussed above. As the bottom 
shoals, the wave velocity decreases and the wave- 
length shortens (the wave period or frequency is 
conserved). If the wave is traveling perpendicular to 
the bathymetry so that no refraction occurs, the 
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wavelength decreases so that the energy per square 
unit surface area increases, and the wave height 
must increase proportionally. 

It is possible to draw orthogonals perpendicular to 
the wave crest or to trace the path of a point (the path 
is called a ray) on the wave crest as it travels toward 
the beach. As the wave approaches the beach at an 
angle, the part of the crest in shallower water will 
travel slower, and the wave crest will become more 
parallel with the coast. Diagrams of the paths of 
waves can be made knowing the bathymetry, as 
shown in Fig. 18. Again ignoring Mction, the energy 
between two rays and between two crests remains 
constant. Therefore, as the distance between rays 
decreases, the energy density increases, as does the 
wave height. At a headland or around islands, the 
wave energy is focused and wave heights are gener- 
ally greater. If the bathymetry is such that the waves 
diverge, then the energy density and wave height 
decrease. Fishermen who anchor over Scripps Can- 
yon have discovered and used this fact. Generally, 
these effects are only important in shallow water and 
should only be of concern when operating in coastal 
regions. 

3.4 Internal Waves 

In addition to surface waves at the air/sea inter- 
face, the density structure within the water column 

can support a class of waves called internal waves. 
These waves differ from the surface waves discussed 
above in that the maximum particle displacements 
appear below the surface, and the typical frequencies 
are much lower. Internal waves can exist on a den- 
sity gradient because when displaced from equilib- 
rium, the density difference when acted on by grav- 
ity causes a restoring force. Because the restoring 
force is smaller and the dynamics different, the 
frequencies of internal waves are much lower. The 
lowest frequency is the local inertial frequency: 
f = 2 &(latitude) cycles per day. Thus at 30"N, the 
inertial frequency would be one cycle per day. The 
highest frequency possible is the local Brunt-Vaisala 
frequency (see properties section), which is typically 
one cycle per hour (cph) in the deep ocean and up to 
10 cph in the thermocline. 

Interfacial waves are often confused with internal 
waves. Interfacial waves are waves which propagate 
along a density interface. A good example of these are 
in the Norwegian fjords, where one often encounters 
a layer of fresh water overlying a layer of salt water. 
Fishermen often have encountered this interface at  
about keel depth, and have referred to experiencing 
this effect as running into 'dead water," because their 
boat slowed down as energy was abstracted from its 
forward motion to generate waves along the interface. 
Our surface gravity waves are really interfacial 
waves, propagating along the interface between air 
and water. The theory for surface waves can be 
converted to interfacial waves by substituting a re- 
duced gravity which is multiplied by the density 
difference divided by the density. Since the density 
of air is nearly zero compared with water, this factor 
is nearly one, and so is ignored. 

Internal waves, instead of propagating along in- 
terfaces, propagate along rays called 'characteris- 
tics." The slope of the characteristic is a function of 
the internal wave frequency, a, the inertial fre- 
quency, j; and the Brunt-Vaisala frequency. N. 

02-  f 2 slope = - 
N2-a2 

(18) 

Energy propagates along this characteristic, 
which is in the direction of the group velocity. How- 
ever, unlike surface waves, the phase velocity is at 
right angles to the group velocity. Thus, at the limit 
where the frequency approaches f the slope ap- 
proaches zero, and the energy is trapped in a layer 
of the ocean: we have what are referred to as inertial 
currents where the water moves in an inertial circle 
with a frequency equal to f; As the frequency in- 
creases, the slope becomes non-zero, and now energy 
can propagate down into the ocean from a source at 
the surface. At the upper limit, N, the group velocity 
is vertical, the energy is trapped between the surface 
and bottom, and the water particle motion is merely 
vertical. 
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Fig. 18 Wave refraction around a circular island, over a ridge, and over a trough 

As in our discussion of surface waves, the ob- 
served oscillations are really a sum of different waves 
propagating in different directions. To describe these 
waves statistically, Garrett and Munk formulated a 
model which collected recent observations and cre- 
ated a description of "open-ocean" (away from any 
boundaries or sources) internal waves. From this 
theory, a typical root-mean-square (rms) variation for 
an internal wave is 15 m vertical motion with a period 
of about 1 h. Since open-ocean internal waves have 

such a long period, they are probably not of strong 
importance to the submersible designer. However, 
there are several regions where they are very impor- 
tant motions. 

Tidal currents interacting with the continental 
shelf break or seamount can scatter energy from the 
surface or barotropic tide to an internal or baroclinic 
tide. This energy will propagate in a beam along the 
characteristic out into the ocean. Along the west 
coast of the United States, the characteristic slope is 
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Chapter IV 

K. Masubuchi, K. Itoga, J. Symonds, E. Hobaica, F. Campisi, 
S. Penley, J. Plummer, V. T. Boatwright 

1. Overview 

HE KEEN DESIRE to explore the ocean depths is 
stimulated not only by our curiosity into un- T known areas, but also by the natural resources 

which the ocean gives us. In order for us to success- 
fully explore and exploit marine resources, a system 
consisting of various subsystems (such as deep- 
diving vehicles and supporting facilities) is indis- 
pensable. The successful development of such a 
system will depend upon the availability of materials. 
Extensive study has shown that advanced materials 
with a diversity of properties will be required. Conse- 
quently, the selection of materials for such a system 
cannot be discussed without reference to a particular 
marine application and the material requirements of 
that application. 

Among various subsystems, the requirements im- 
posed upon the materials for submersible vehicles 
are the most demanding. The submersible hull must 
endure extreme pressure and, at the same time, 
carry a maximum payload for a crew and necessary 
equipment. Thus, hull material must have a high 
strength-to-density ratio, and a high fracture tough- 
ness. Furthermore, since a submersible will be oper- 
ated in a very hostile environment, the seawater, the 
hull material must be corrosion-resistant. Hull ma- 
terials, then, are advanced materials with which the 
ocean industry has as yet had no prior experience. 
For good maneuverability and good payload, ballast- 
buoyancy-trim materials will be used, also new to the 
ocean industry. However, there is no single hull or 
ballast-buoyancy material which satisfies all require- 
ments: each material has both advantages and dis- 
advantages, depending upon the mission require- 
ments. 

In Section 2 of this paper, material considerations 
are discussed in a general context-in terms of their 
environmental, manufacturing, and other character- 
istics. Section 3 then deals more specifically with 

the individual materials considered for use in a 
particular hull, with special reference to their me- 
chanical, environmental, and fabricable properties. 
These materials include steels, aluminum alloys, 
titanium alloys, glass reinforced plastics, acrylic 
plastics, and glass. Section 4 covers ballast-buoy- 
ancy-trim materials and Section 5. other material 
considerations. Life Support System Materials are 
covered in the discussion of Life Support Systems in 
Chapter VII. 

2. Material Considerations in General 

Much of the information presented below comes 
from a book by Masubuchi 111. 

2.1 Environmental Considerations 

In this section, two factors related to the environ- 
mental effects on materials are discussed: corrosion 
and stress corrosion cracking. 

2. I .  1 Corrosion-Control Problems in the Marine 
Industry 

Corrosion is often considered only in terms of 
rusting and tarnishing. Corrosion damage, however, 
also occurs in other ways, for example in failure by 
cracking, or in loss of strength or ductility. In general, 
each type (with some exceptions) occurs via an electro- 
chemical mechanism. According to Uhlig [2]. the five 
main types of corrosion classified with respect to 
outward appearance or altered physical properties 
are uniform attack (or general wasting). pitting, de- 
zincification and parting, intergranular corrosion, 
and cracking. 

Various control measures which have been devel- 
oped over the years for protecting structures from 
corrosion have offered impressive economy to the 
shipbuilding and ocean engineering industries. De- 
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Fig. 3 Types of current or possible future corrosion control problems [3] 

spite this wealth of information, corrosion is still one 
of the major problems facing ocean engineers. 

Brown and Birnbaum [31 have summarized their 
views on corrosion control for structural metals in 
the marine environment. Their important conclusion 
is: "With new materials and new geometries of com- 
ponents and structures for various deep ocean proj- 
ects, the primary need for corrosion control has 
shifted from one of maintenance economy (though of 
course this is as desirable as ever) to one of survival 
of the component or structure." Starting from this 

standpoint. let us review the current and possible 
future corrosion control problems. 

Figure 1 shows various types of corrosion control 
problems facing the Navy [3]. Engineers engaged in 
the design and fabrication of ocean engineering 
structures with high-strength materials will proba- 
bly face similar problems. 

The f is t  case in Fig. 1 is stress corrosion cracking 
of high manganese austenitic steels used in nonmag- 
netic European submarines. Service failures oc- 
curred at welds. On the basis of experience to date, 
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Fig. 2 Estimated strength ranges for susceptibility to cracking in sea water, fresh water, or humid 
atmospheres [3]. Note: Readers are cautioned that titanium alloys were regarded to be immune to 
both stress corrosion cracking and hydrogen embrittlement when this figure was originally drawn; 

however, it has been found that some titanium alloys, especially those with higher strength levels, are 
sensitive to both stress corrosion cracking and hydrogen embrittlement 
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it appears that an acidified salt solution containing 
hydrogen sulfide will crack more steels, and in gen- 
eral crack them more quickly, than any other me- 
dium. However, it is not entirely certain that this is 
the case with all steels. 

The second case is a submersible of aluminum 
alloy 7079. This alloy has a high strength-to-density 
ratio, but it is susceptible to selective corrosive attack 
and stress corrosion. Even though the aluminum 
plates are protected by a coat of paint, cracking may 
occur at breaks in the coating, especially when there 
are tensile residual stresses on the surface. 

The third case is the stress corrosion cracking of 
a proposed submersible of very high-strength steel 
(designated H-1 1). This steel is highly susceptible to 
stress corrosion cracking. If one attempts to counter 
stress corrosion in this material by the application of 
cathodic protection, a phenomenon intrudes to de- 
feat this. This phenomenon is hydrogen embrittle- 
ment. to which all the high-strength steels (low-alloy, 
hardenable stainless, precipitation hardening, and 
maraging) are susceptible when they are heat-treated 
to sufficiently high strengths. 

The current estimate of the strength ranges for the 
three classes of steels at  which they become suscep- 
tible to stress corrosion cracking is given in Fig. 2. 
(The precipitation-hardening steels are lumped with 
the other hardenable stainless steels in this figure.) 
In preparation of this figure, only data for sea water, 
salt solutions (used in the laboratory), distilled water 
(representing condensate), marine atmosphere, and 
humid air were used. Omitted were data for the 
acidified salt solutions containing hydrogen sulfide 
and nitrate solutions, on the grounds that these are 
unrealistic for the marine environment. Figure 2 also 
indicates the range at which hydrogen embrittlement 
under sustained load might be expected to become a 
practical problem. Aluminum alloys which have the 
face-centered cubic lattice structure do not show 
hydrogen embrittlement. although some aluminum 
alloys, especially those with higher strength levels, 
are sensitive to stress corrosion cracking. Readers 
are cautioned that titanium alloys were regarded to 
be immune to both stress corrosion cracking and 
hydrogen embrittlement when Fig. 2 was originally 
drawn: however, it has been found that some tita- 
nium alloys, especially those with higher-strength 
levels, are sensitive to both stress corrosion cracking 
and hydrogen embrittlement. 

The fourth illustrative case in Fig. 1 is one of 
corrosion fatigue of armored cable. I t  is obvious that 
if corrosion produces a pit, this can be expected to 
act as a stress raiser, which could accelerate the 
fatigue process, and this is observed. Perhaps some- 
what surprising, however, is the observation that 
although the titanium alloy Bl2OVCA is essentially 
inert to salt water, when it is fatigued in salt water 
the life is sharply reduced compared with the life in 
air. It might be supposed that adequate cathodic 
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Fig. 3 Cathodic protection of high-strength titanium alloy 
against corrosion fatigue [I ,4] 

protection should remove the "corrosion" component 
of cathodic protection, and this is observed for this 
alloy (Fig. 3). But in the case of steels of almost any 
strength level, the application of cathodic protection 
beyond a certain level (defined for only a very few 
conditions for a very few steels to date), once again a 
form of hydrogen embrittlement, appears to intrude 
to counter the effect of corrosion protection and place 
a limit on the available effectiveness of cathodic 
protection. An example of data showing this is given 
in Fig. 4. 

2.1.2 Corrosion in the Marine Environment 

The following discussion deals with corrosion in 
the marine environment, first with respect to the 
general wasting of steel and then in terms of the 
various types of corrosion in other metals and alloys. 
Data presented here can be found in "Guidelines for 
Selection of Marine Materials," prepared by Tuthill 
and Schillmoller [5]. 

Corrosion of steek in sea water-It may be as- 
sumed that the rate of corrosion of steel in sea water 
is to a large extent governed by the oxygen content 
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Fig. 4 Effect of cathodic protection on corrosion fatigue of 
steel at low-cycle frequency (100 cpm) [3] 
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of the sea water. The pattern of corrosion on carbon 
steel in aerated sea water is shown in Fig. 5, where 
the average corrosion rates typical of steel piling in 
the atmosphere, in the splash zone, in the tidal zone, 
in clean sea water, and in the mud of the sea bottom 
are plotted. The differences shown are due in part to 
the availability of oxygen and in part to other factors. 

Capson [6] has proposed that the corrosion rate of 
steel in the atmosphere is directly related to the rate 
at which a ferrous corrosion product is leached or 
washed from the barrier film of rust. When one of the 
products of corrosion is soluble, the formation of a 
fully protective barrier film is almost impossible. 

I t  has been postulated that in the marine atmo- 
sphere, small amounts of copper and nickel in the 
low-alloy steels enhance their corrosion resistance 
by altering the structure of the barrier film of the 
corrosion product 50 as to produce a tighter, denser 
film with less tendency to be removed by leaching 
or spalling. 

In the splash zone, rust film that has little oppor- 
tunity to become dry does not develop protective 
properties. Such unfavorable conditions exist, espe- 
cially above high-tide level, aggravated further by the 
high oxygen content of the splashing sea water. As 
shown in Fig. 5, the corrosion rate in this region is 
several times greater than that in other regions. 

Corrosion in the tidal zone reaches a minimum as 
a result of the protective action of oxygen concentra- 
tion cell currents. Steel surfaces in the tidal zone in 
contact with highly aerated sea water become ca- 
thodic to the adjacent submerged surfaces where the 
oxygen content is less, especially when these sur- 
faces are covered with oxygen-shielding organisms. 
The current that flows from the anodic submerged 
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Fig. 5 Corrosion of steel piling [6] 

surfaces to the cathodic tidal zone areas is sufficient 
to provide substantial cathodic protection. 

The attack of submerged surfaces is governed 
principally by the rate of diffusion of oxygen through 
layers of rust and marine organisms. It usually is in 
the range from 3 to 6 mils per year and is substan- 
tially independent of water temperature and tidal 
velocity. except where industrial pollution leads to 
higher rates. 

The rate may go up in the vicinity of the mud line 
because marine organisms can generate additional 
concentration cell and sulfur compound effects. 

2.1.3 Stress Corrosion Cracking 

Stress corrosion cracking differs from other types 
of metal attack in that it is a form of localized failure 
which is more severe under the combined action of 
stress and corrosion than would be expected from 
the sum of the individual effects of stress and corro- 
sion acting alone. Stress corrosion cracking involves 
a brittle-type fracture in a material that is otherwise 
ductile. The surface direction of the cracks is per- 
pendicular to the direction of the load. Stress corro- 
sion cracking should not be confused with other 
types of localized attack, such as pitting, galvanic 
attack, intergranular corrosion, impingement, or 
cavitation. 

Causes of stress wrrosbn cracking--There are 
many variables affecting the instigation of stress 
corrosion cracking. Among these variables are alloy 
composition, tensile stress (internal or applied), cor- 
rosive environment, temperature, and time. 

Metallurgical factors: Pure metals, it is generally 
believed, do not crack as a result of stress corrosion. 
Alloys prepared from pure metals may crack, how- 
ever. In recent studies, a signillcant improvement has 
been demonstrated in the cracking resistance of 
some alloys made from extremely pure metals. Some 
alloys in a particular base-metal system are more 
resistant to cracking than others. Such metals in- 
clude aluminum, copper, and magnesium-base al- 
loys. In these cases, cracking resistance improves as 
the alloy content is reduced and the composition 
approaches that of a pure metal [7]. 

Effect of stress: Since no cracking has been ob- 
served with metal surfaces in compression, only 
tensile stresses at the surface of the metal cause the 
cracking. These stresses maybe due to strains within 
the materials (residual), or they may arise from an 
external load (applied). Usual causes of internal or 
residual stresses include 

deformation of the metal near welds, rivets. 

an unequal cooling of a section or structure from 
bolts, or in press or shrink fits 

a relatively high temperature 
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0 the crystal structure within the metal going 
through a phase change or rearrangement which 
involves volume changes [71 

Applied stresses are the result of operating condi- 
tions and include 

differential thermal expansion 
deadloading 
pressure differentials [7] 

Environmental effects: The corrosivity of a chem- 
ical medium cannot be used an an indication of its 
capability of promoting stress corrosion cracking. 
Many rather corrosive solutions do not cause crack- 
ing. In fact, the environments which are most con- 
ducive to stress corrosion cracking are those which 
produce highly locaked attack without a significant 
general surface corrosion. Examples of environments 
known to cause stress corrosion cracking in some of 
the more common metals and alloys are shown in 
Table 1. 

Figure 1. which shows four examples of corrosion 
control problems in marine structures, covers stress 
corrosion cracking by sea water of high-strength 
steels and a high-strength aluminum alloy. Fygure 2 
also shows susceptibility to cracking in sea water, 
fiesh water, or humid atmospheres of high-strength 
steels, aluminum, and titanium alloys. 

Effects of temperature: Temperature also has the 
effect of increasing stress corrosion cracking sensi- 
tivity. As a general rule, the susceptibility of a mate- 
rial to cracking increases with an increase in the 
temperature. An exception, however, is the cracking 
of low-alloy and carbon steels in hydrogen sulfide. 
Under such conditions, an inverse relationship exists 
and the cracking may be attributed to a secondary 
effect of corrosion: embrittlement is due to the hy- 
drogen released during corrosion. The embrittling 
effect of hydrogen decreases as the temperature 

Table 1 Materials and environment which cause stress 
corrosion cracking [1,q 

Material Environment 

Aluminum 
Copper-base alloys 
Steel 

Stainless steels 
PH stainless steels 
Magnesium-base 

Nickel (commercial 

Monel, lconel 
Titanium alloys 

alloys 

purity) 

Air, sea water, sodium chloride solutions 
Ammonia, steam 
Alkalies, nitrates, hydrogen cyanide, 
hydrogen sulphate, anhydrous liquid 
ammonia, sodium chloride solutions, 
marine atmosphere 
Caustic, chloride solutions 
Chloride solutions, marine atmosphere 
Chloride-chromate mixture, moisture 

Aqueous or fused caustic at elevated 

HF vapors 
Red fuming nitric acid, HCI, dry molten 
chloride salts. salt water 

temperature 

increases. and the tendency to crack therefore also 
decreases 171. 

Susceptibility of materials to stress corrosion 
cracking-The factors controlling stress corrosion 
cracking were described qualitatively in the foregoing. 
The engineer's role centers around the task of avoiding 
stress corrosion cracking in marine structures. To solve 
this problem, some factor which expresses the suscep- 
tibility of materials to stress corrosion cracking must be 
introduced. The recent development of fi-acture me- 
chanics enables one to do this. The concept of the 
threshold level ofstress-intensity factor K I ~ ~ ~  was intro- 
duced in the same way as that of fracture toughness 
(the latter to be discussed in detail in Section 2.3). 
There are three phases of failure by stress corrosion 
cracking in structural components or in laboratory 
test specimens: First, formation of a small pit by 
corrosion processes: second, formation and rapid 
propagation of a crack and third, final failure by 
fracture processes [8]. K I ~ ~ ~  is defined as the thresh- 
old value of the stress-intensity factor below which a 
stable crack growth occurs. Present design criteria 
against stress corrosion cracking do not permit the 
combination of a crack size and applied stress which 
exceeds KlsCc. Thus. a material must undergo the test 
determining KIscc. 

For several years, data have been reported for a 
variety of structural materials defining K I ~ ~ ~ .  In frac- 
ture toughness tests, structural designers have been 
given a potential for implementing 'safe-life" or other 
design concepts based on crack growth laws. These 
design conceptswiu be discussed in Section 2.3. KI,, 
values for several high-strength materials which are 
considered for use in future deep-submersible hulls, 
as well as some relevant comments, are given below. 

There are two testing methods for defining KI,,, 
values. One is the initiation method as shown in Flg. 
6 [8]. This method employs a cantilevered, dead- 
weight loading system by which crack growth results 
in increasing applied KI: for this reason, a system of 
bracketing data derived from specimens with and 
without crack growth is necessary to define the 
threshold KISc value. The second type, the arrest 
method, utillzes a bolt-loaded (constant deflection). 
modified wedge-opening-loaded specimen that has a 
decreasing KI field with increasing crack length [QI. 
By this method, the specimen is loaded to an applied 
KI well above the expected KIscc, and the crack is 
allowed to propagate until it arrests at K I ~ ~ ~ .  

To evaluate the relative susceptibility of materials 
to stress corrosion cracking, the ratio analysis dia- 
gram (RAD) [ 101 is used (details will be discussed in 
Section 2.3). Since the parameter KIscc describes the 
applied KI level for the beginning of crack growth, 
equations such as the surface-flow equation and the 
through-crack equation apply only for the stress 
corrosion cracking initiation: nothing is implied 
regarding crack growth as a h c t i o n  of time. The 
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0 

Flg. 6 Graph of Kkcc determined by cantilever test method. Purpose of test is to 
determine threshold level for crack propagation 18) 

available analysis tools are the stress intensity 
for stress corrosion cracking initiation and the 
final crack size for failure as given by the fracture- 
resistance parameter KlC. Without repeating the de- 
tailed stress-intensity analyses of references such as 
[ll] and [12], RADs for steel, S-PH stainless steels, 
and titanium alloys are shown in Figs. 7 to 9. 

In Fig. 7,  the ratio of KIsCc to yield strength is 
overlaid on the RAD. This diagram illustrates the 
comparison of stress corrosion cracking sensitivity 
with fracture toughness. Such comparison is neces- 

sary for an interpretation of the severity of stress 
corrosion crack growth on structural integrity. If the 
flnal failure is by fracture, the life of the structure is 
determined by the size of the defect or crack that can 
be tolerated for a given loading system, which in turn 
is deflned by the fracture-resistance property. Struc- 
tures designed with materials of high fracture resis- 
tance, &, have the capability of containing large 
flaws. The problem of stress corrosion cracking, 
then. is related to inspectability and maintenance. 
However, those structures designed with materials of 
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Fig. 7 Ratio analysis for SCC of various types of steel [8] 

114 



MATERIALS 

60 80 100 120 140 160 180 200 220 240260 (KG/M#) 

FRACTURE a scc 
s - PH STEEL 

9000 

t- 7000 
k 6000 QYS U Y S  

500 

YIELD STRENGTH 
80 12 

Fig. 8 Ratio analysis showing fracture and SCC properties for S-PH, 
a high-strength stainless steel [S] 

low KI, may suffer sudden crack extension after a 
short period of crack growth. As indicated in Fig. 7, 
steels which belong to the former group include 1 ONi 
steel (HY-180 level steel), 13-8M steel, and 5Ni steel 
(HY-130 level steel). The latter group consists of HP 
9-4 steels and AISI 4340 steel; 7-4 HP steel may be 
on the borderline between both groups. As a whole, 
these materials cannot attain the higher fracture 
resistance levels indicated by the technological limit 
RL) line for the case of stress corrosion cracking. 

Figure 8 shows RAD for high-strength, precipitation- 
hardening stainless steel 181. In this figure, several 
factors are presented simultaneously. Fracture 
toughness is in the high-resistance range for lower- 
strength levels and in the intermediate resistance 
range for the higher-strength levels. Similar effects 
are shown in the salt-water stress corrosion cracking 
properties of this steel by the data zone coded 'SCC" 
and 'cathodic-couple." A comparison of the fracture 
toughness and stress corrosion cracking sensitivity 
reveals that the latter value is considerably lower 
than the former. For this high-strength stainless steel 
to be used for applications in a sea-water environ- 
ment, then, a very careful analysis of potential crack 
growth must be performed. The most important single 
aspect is determining a maximum for the yield- 
strength value which will absolutely preclude brittle 
hcture. The stress corrosion cracking properties dic- 
tate that a maximum allowable yield strength less 
than that for fracture would be necessary to abso- 
lutely prevent stress corrosion cracking under linear- 
elastic conditions. It is noted that crack growth in test 
specimens was present for all strength levels regard- 
less of the stress state-linear-elastic or plastic load- 
ing. It is also apparent that cathodic protection sys- 
tems which depend on sacrifice zinc or aluminum 
bars to prevent general corrosion aggravate the 
stress corrosion problem by lowering the KIscc value. 

Figure 9 shows a stress corrosion cracking RAD 
for titanium alloys [8]. Two of the alloy systems-721 
(Ti-7Al-2Cb-lTa) and 81 1 (Ti-8Al-lMo-lV)-are well 

known for their sensitivity to crack growth in salt 
water. The other two alloys-6-4 (Ti-6Al-4v) and 
6-6-2.5 (Ti-W-6V-2.5Sn)-are not sensitive to salt 
water in all heat-treated conditions: accordingly, the 
data zone may well be representative of either the 
fracture-resistance properties or the sustained load 
cracking properties of the alloys. 

Avoiding stress corrosion cracking 11.7J-Earlier 
in this section, we discussed the many variables 
contributing to stress corrosion cracking. Since 
many factors are involved, the reduction or elimina- 
tion of one contributing factor may help the overall 
situation. In this section, we will touch on some of 
the methods for reducing the contributing factors. 

Reduce tensile stresses: The methods of lowering 
tensile stress lead KI to be lower than KIscc. Stresses 
due to operating conditions often can be reduced by 
changing the design. Such changes may include 
lowering the operating pressures, avoiding misalign- 
ment of bolted or welded connectors, avoiding differ- 
ential thermal expansion, and eliminating heavy 
loads on thin sections. Another possible method is 
increasing the metal thickness in loaded thin sec- 
tions or in pressure vessels, when other design con- 
siderations will allow such actions. This will lower 
the applied stress by distributing it over a larger 
cross-sectional area. Residual stresses, however, 
cannot be reduced by increasing the metal thickness. 
These stresses may be eliminated by stress-relief 
anneal after fabrication and installation. A Anal 
method for reducing residual tensile stress is to put 
the surface layers of the metal in compression. 

Alter the corrosive environment: The method for 
altering the corrosive environment is perhaps the 
most obvious method of limiting stress corrosion 
cracking. For example, the elimination of chloride 
ions by ion exchange from aqueous solutions allows 
the use of stainless steel in high-temperature waters. 
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RAD comparison of SLC properties of Ti-6AI-4V alloys with the data 
zone for salt water SCC [a] 

However, the addition of inhibitors to solutions to 
reduce stress corrosion cracking has not been prom- 
ising in general. Design considerations can again aid 
in reducing cracking. For instance. placing internal 
heaters away fiom the side or bottom of vessels and 
near the bulk of the solution minimizes the tendency 
for concentration in relatively stagnant areas. A con- 
centrated solution introduced into a dilute solution 
near the center of the vessel rather than near the edge 
or bottom permits the solution to become diluted 
before it reaches the vessel walls. 

Lower the surrounding temperature: If the oper- 
ating temperature of the bulk environment is fixed 
and cannot be lowered without loss in efficiency, the 
method for lowering the surrounding temperature is 
impossible. However, the raised local temperature 
associated with heat-transfer surfaces or the intro- 
duction of hot solutions into cooler ones can be 
avoided many times by the vehicle design. 

Use of a cathodic protection system: Cathodic pro- 
tection can be applied to the relief of stress corrosion 
cracking as well as to other types of corrosion. It does, 
however, aggravate the stress corrosion cracking prob- 
lems in some materials, such as high-strength precip- 
itation-hardening stainless steel, as shown in Fig. 8. 

2.2 Manufacturing 

Basically, manufacturing processes for submers- 
ible hull construction consist of three stages-form- 
ing, welding, and machining (cutting or milling). 
though details depend largely upon the shape and 
structure planned by the designers. Fabricators of 
submersible hulls obtain the hull material in the 
form of rolled or forged plates. These plates are cut 

and formed based on the hull design. The formed 
pieces are then assembled and welded to a structure. 
Finally, the hull is machined, if necessary, in order 
to keep circularity or sphericity according to design 
requirements. 

In this section, the three manufacturing stages 
described above are discussed. Emphasis will be put 
on welding since it is most responsible both for the 
successfid construction of the hull and for the suc- 
cessful achievement of missions imposed on the deep 
submersible. Section 2.2.1 covers forming, 2.2.2 
welding. Machining, however, is not discussed, be- 
cause it does not affect the capability of submersible 
hulls to any great extent. 

2.2.1 Forming 

Submersible-hull fabricators receive hull material 
in flat plate form. Plates are cut and formed in 
accordance with the designed shape. The shapes of 
submersible hulls are classified into two types: cylin- 
drical and spherical. The former type, similar in 
shape to a submarine. may be appropriate for shal- 
low depths or larger submersibles. The latter is 
adapted to most submersibles that have been 
launched up to the present time. Because a spherical 
hull has a higher buckling strength than a cylindrical 
one, it is suitable for deeper depths. Proposed and 
current shapes, along with structures of submers- 
ible hulls, are presented in Chapter I. Figures 10 
and 11 are schematic drawings of these two hull 
shapes (13,141. 

In order for a submarine-type hull to be built, two 
kinds of forming methods are essential: bending and 
spinning. A mid-ship cylindrical part is formed to a 
ring by bending a flat plate. It is then seam-welded 
and stiffened with ring-shaped stiffeners. The coni- 

116 



MATE RIALS 

PLATE STRUI FULL SIZE 
PLATE TESTS h 

FULL SCALE FULL SCALE 
STIFFENED HARD TANK 
PLATE STRUCTURE STRUCTURE -- 

Fig. 10 Structure development and certification process for advanced submarines 11 31 
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Fig. 11 Structure development for deepdiving submersible [ 141 
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Fig. 12 Fracture stress curves of base plate [15] 

cally shaped aft part is formed in a similar manner. 
A round head of the fore part is fabricated either by 
welding bent pieces or by spinning. 

The method of bending a flat plate to a ring, called 
roll bending, can be performed by any of several types 
of roll bending machines [141. A typical one consists 
of three rolls in a pyramidal arrangement, the upper 
roll adjustable to control the degree of curvature. In 
another type, one roll is directly above a second at 
the front. These two rolls grip and move the plate 
against an adjustable third roll at the rear, which 
deflects the plate and controls the curvature. Bend- 
ing rolls are available in a wide range of sizes, some 
capable of bending plates up to 6 in. thick. 

Since bent plates are heavily worked plastically, 
plasticity effects can change the mechanical proper- 
ties of the plate. Although a number of papers have 
been published on this subject, there are unfortu- 
nately little data on high- and ultrahigh-strength 
materials for deep submersible use. Therefore, data 
on mild steel alone are presented in Figs. 12 and 13. 
Figure 12 shows the effect ofprestrain on the fracture 
stress [15]. Test specimens with various levels of 
prestrain were pulled, and stress-strain curves were 
recorded. One can see that the fracture stress in- 
creases while the ductility decreases as the amount 
of prestrain increases. Figure 13 presents the effect 
of prestrain on the Charpy V-notch test data [lS]. It 
is shown in the figure that the prestrain has a bad 
effect on absorbed energy and brittle-ductile transi- 
tion temperature. Tensile prestrain degrades the 
notch-toughness of a material more than compres- 
sive prestrain does. Although these data were ob- 
tained from a mild steel (yield strength is about 40 
ksi), much the same results would be obtained from 
higher strength materials. Thus, one must pay atten- 
tion to the effect of bending on the properties of hull 
materials. 

The effect of spinning on the material properties 
will be almost the same as that of bending because 

spinning is also the process of forming with plas- 
ticity. The process of spinning will be described later 

In the case of the construction of a spherical 
submersible hull, again two methods of forming are 
considered bending and spinning. Bending in this 
case, however, is different from that mentioned 
above. Bending of the plate is used when the fabri- 
cation system in which bent pieces with double- 
curvature are welded is employed. It is very difficult 
to make a plate with double-curvature, since roll 
bending, which is suitable for single-curvature bend- 
ing, is no longer feasible. The multi-point press pro- 
cess may be the only way to form a double-curved 
plate. In this process, a plate simply supported on a 
die is pressed at several points in such a way that 
the deformed plate gives a planned shape. The press- 
ing at  each point must be programmed based on the 
plasticity analysis. The difficulty involved in this 
process is the calculation of the amount of plastic 
deformation and elastic spring-back. 

Spinning is a metal forming process in which parts 
with rotational symmetry are produced from flat 
blanks or preforms with the use of a mandrel and 

with hot-spiming. 

-60 -00 -x) 0 20 00 60 80  
TEMPERATURE ("C) 

Fig. 13 Transition curves of prestrained steel (Charpy 
V-notch test) [I61 
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tools or rollers. There are two basic types of forming 
using this method: manual or conventional spin- 
ning, as shown in Fig. 14% and power spinning, as 
shown in Fig. 14b [17]. The spinning process may 
also be classifled into cold spinning and hot spinning, 
depending on the temperature of the material being 
formed. As can be understood from Fig. 14, spinning 
involves large amounts of plasticity. Thus, while 
cold-spinning requires a material to be thin or very 
ductile or both, hot-spinning is recommended for 
very thick materials with less ductility. Since the hull 
materials for deep submersibles are expected to be 
very thick, hot-spinning must be used. With the 
hot-spinning process, by which a plate is heated for 
easy working, a thick plate is formed into a semi- 
sphere. Two semi-spheres are then formed into a 
sphere by welding the circular seams between them. 

These plastic workings greatly affect the proper- 
ties of materials. The effect of multi-point press may 
be basically the same as that of roll bending, though 
because a plate is pressed locally, the strain distri- 
bution is not uniform. We do not have much data 
regarding the effect of hot-spinning on the submers- 
ible hull materials, and so mild steel data are used 
as an example. 

Figure 15 shows the effect of prestrain at an 
elevated temperature on the fracture stress [18]. In 
this figure. the prestraining history is represented by 
a broken line. The upper portion of the figure shows 
the test results where prestrain was given at room 
temperature (RT.) and fractured at the same temper- 
ature. Total strain and fracture stress, of course, 
remained constant without regard to the amount of 
prestrain because each specimen experienced the 
same stress-strain history as it would have if a 
specimen without prestrain were pulled until it frac- 
tured. The middle section of the figure illustrates that 
when specimens were prestrained at 300°C. pre- 
strain increased the fracture stress slightly, but de- 
creased the total strain. Finally, the bottom portion 
of the figure shows the prestrain at 600°C decreased 
both the total strain and the fracture stress. It must 
be noted that the residual strain (the difference 
between fracture strain and prestrain) is greatly 
decreased as the amount of prestrain increases. 
Thus, hot-spinned materials will lose ductility. The 
loss of ductility, in general, causes low fracture 
toughness and low fatigue strength. Therefore, a 
designer must keep in mind the fact that the proba- 
bility of hull failure can increase by hot prestraining. 

2.2.2 Welding 

Welding is the most important part of manufac- 
turing in relation to material properties, for its heat- 
ing and cooling sequence can cause many prob- 
lems-residual stress, welding distortion, degradation 
of notch toughness, and material discontinuity, 
among others. In the Arst part of this section, various 

welding processes feasible for high-strength materi- 
als will be described, followed by a discussion of the 
problems caused by welding. 

Welding processes-More than 40 welding pro- 
cesses are used in present-day metal fabrication. 
Figure 16 is a master chart of welding processes 
prepared by the American Welding Society (AWS) 
[1,19]. (There are several new welding processes 
which are not shown in Fig. 16, including electroslag 
welding, ultrasonic welding, cold welding, Mction 
welding, electron beam welding, plasma-arc welding, 
and laser welding.) Among various welding pro- 
cesses, those feasible for high-strength materials and 
large structures include arc welding processes, elec- 
tron beam welding processes, and laser welding pro- 
cesses. The arc welding processes, commonly used 
in today’s ocean engineering industry, contain metal- 
electrode arc welding processes: shielded metal-arc 
welding, submerged-arc welding, gas tungsten-arc 
welding (GTA)), and gas-metal arc welding (GMA). 

Shielded metal-arc welding: Used exclusively 
with steels, this is an arc welding process wherein 

(b) 

Fig. 14 Spinning processes [lq: (a) conventional spinning of 
sheet metal; (b) power spinning of conical part 
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Fig. 15 Effect of prestrain on flow stress curve (tensile prestraining) [18] 

coalescence is produced by heating with an electric 
arc between a covered electrode and a workpiece. 
Shielding to prevent contamination from the air is 
obtained from the decomposition of the electrode 
covering. Filler metal is obtained from the electrode. 
In practice, the process is limited primarily to manual 
covered electrodes in which the welding operator 
manipulates the electrodes. Some attempts have 
been made to mechanize this process, but they have 
not been successful. 

Figure 17 schematically represents the shielded 
metal-arc process. J3quipment to operate the elec- 
trode usually consists of an electric power supply 
specifically designed for the process, insulated elec- 
trode holders of adequate electric and thermal ca- 
pacity. cable, and grounding clamps. The process 
may use either alternating current or direct current 

with the electrode either positive or negative. Cur- 
rents between 15 and 500 A with arc voltages be- 
tween 14 and 40 V, depending upon the covering 
characteristics, are normal. 

Coating electrodes for manual arc welding have 
been classified by AWS and the American Society for 
Testing and Materials [191. The electrodes are 
grouped according to their operating characteristics, 
the type of coating, and the strength level of the weld 
metal. AWS-ASTM electrodes are known by code 
names, such as E-70XX and E- 1 O O X X  For example, 
E- lOOXX electrodes produce deposited metal hav- 
ing a minimum specified ultimate tensile strength of 
100 000 psi. The last two digits refer to the type of 
electrode coating and operating characteristics. 

Electrodes as large as Yie-in. diameter may be 
employed. depending upon the plate thickness and 
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Fig. 16 Master chart of welding processes [ 1,191 

type of joint. Welds are built up in relatively thin 
layers, approximately ten layers per inch of thick- 
ness. This will permit a partial progressive grain 
refinement of proceeding layers, resulting in an im- 
provement in ductility and impact resistance of the 
weld metal. 

Submerged-arc-welding: This is an arc welding 
process wherein coalescence is produced by heating 
with an electric arc or arcs between a bare metal 
electrode or electrodes and the workpiece. The 
welding is shielded by a blanket of granular, hsi- 
ble material on the workpiece. Pressure is not used, 

and filler metal is obtained from the electrode and 
sometimes from a supplementary welding rod. Fig- 
ure 18 shows how a submerged-arc groove weld is 
made. 

The fusible shielding material is known as "flux," 
"welding composition," or "melt." This is a finely 
crushed mineral composition and will be referred to 
as "flux" in this book. Flux is the basic feature of 
submerged-arc welding and makes possible the 
special operating conditions which distinguish the 
process. Flux. when cold, is a nonconductor of elec- 
tricity, but in the molten state it becomes highly 
conductive. 
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Fig. 17 Schematic representation of shielded metal-arc 
process [l]  

In submerged-arc welding, there is no visible evi- 
dence of the passage of current between the welding 
electrode and the workpiece. The electrode does not 
actually contact the workpiece: instead, the current 
is carried across the gap through the flux. 

The flux completely covers both the tip of the 
welding electrode and the weld pool. Thus, the actual 
welding operation takes places beneath the flux with- 
out sparks, spatter, smoke, or flash. No protective 
shields, helmets, smoke collectors, or ventilating 
systems are needed, with the exception of goggles, 
which may be worn as routine protection for the eyes. 

In its molten state, the flux provides exceptionally 
suitable conditions for unusually high current inten- 
sities. Thus, great quantities of heat may be gener- 
ated. The insulating qualities of the flux enable the 
intense heat to be concentrated in a relatively small 
welding zone, where the welding electrode and base 
metal are rapidly fused. High welding speeds are 
possible under these conditions, and deep penetra- 
tion can be obtained by this concentrated heat. 
Consequently, a relatively small welding groove can 

I 
TO AUTOMATIC WIRE FEED 

be used, permitting the use of smaller amounts of 
liller metal. 

The wide use of submerged-arc welding stems 
from its ability to produce satisfactory welds at high 
rates of deposition. Currents used in submerged-arc 
welding are much higher than those employed in 
manual shielded metal-arc welding. The maximum 
electrode usually employed is Vis-in. diameter and 
the maximum current (for single electrode] is approx- 
imately 2000 A. 

It should be pointed out that high amperage re- 
sults in a very coarse columnar structure in the weld 
metal with an enlarged heat-affected zone (HAZ) in 
the base metal as compared to multipass welding 
wherein the energy input is relatively small. This is 
important in connection with vessels which will op- 
erate at low temperature. The coarse columnar struc- 
ture of the high-amperage weld usually results in 
lower impact resistance as compared to multipass 
welds. Therefore, particular consideration should be 
given to the welding procedure in terms of the service 
requirements involved. 

During the last ten years, many studies have been 
done on how to improve notch toughness of two-pass 
submerged-arc deposited metals in heavy mild steel 
ship plates and how to improve notch toughness of 
submerged-arc deposited metals in high-strength, 
notch-tough steels. Both topics will be discussed 
later in Section 2.2.2. 

Gas-shielded-arc welding: In the gas-shielded-arc 
welding process, coalescence is produced by fusion 
from an electric arc maintained between the end of a 
metal electrode, either consumable or nonconsum- 
able, and the part to be welded with a shield or 
protective gas surrounding the arc and weld region. 
The shielding gas may or may not be inert, pressure 
may or may not be used, and filler metal may or may 
not be added. 

FLUX FEED TUBf I 

\ FUSED FLUX 

WLIDIFED FLUX 

FLUX RETAINING PLATES 

VEf GRODVf \ 

WELD BACKING 

Fig. 18 Processes of a submerged-arc groove weld 
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Fig. 19 Schematic diagram of gas tungsten-arc welding 

At this time, there are two different types of gas- 
shielded-arc welding. The fist type, gas tungsten-arc 
(GTA) welding, employs a tungsten electrode or an 
electrode of some other refractory, high-melting point 
material, such as graphite, which will not melt or be 
vaporized too rapidly in the intense heat of the arc. 
Gas metal-arc (GMA) welding, the second type, em- 
ploys a continuously fed electrode which melts in the 
intense arc heat and is deposited as weld metal. 

Figure 19 shows basic features of GTA welding. 
The shielding gas is fed through the electrode holder, 
generally referred to in this process as a torch. Argon, 
because it is an inert gas, is commonly used for the 
shielding gas: the use of helium as the shielding gas 
is rather rare. A small percentage of oxygen is often 
added to the inert shielding gas. Carbon dioxide and 
a mixture of oxygen and carbon dioxide have been 
found to be effective as the shielding gas with welding 
carbon and low-alloy steels. More recently, fluxes 
have been added as a core within a tubular sheath 
or as a granular magnetic material which adheres to 
the filler wire surface. 

The GTA welding produces a weld of high quality 
in terms of notch toughness. This is considered to be 
the most advanced metal-arc welding process. Thus, 
it may possibly be used for welding high-strength 
submersible hulls. The GTA process, however, has a 
disadvantage, for a very low deposition rate is not 
very attractive to fabricators.' 

Figure 20 shows basic features of gas metal-arc 
welding. The ffller wire, which is manufactured in a 
coil form, is fed mechanically into the welding arc. 
The arc travel is controlled manually in the semi- 

'?he deposition rate of the GTA process can be increased by the 
use of the hot-wire technique. 

automatic process and mechanically in the auto- 
matic process. 

A bare wire is commonly used for the electrode, 
but flux-covered wires are also used. 

Various gases are used for shielding. These in- 
clude 

pure inert gases such as argon and helium, 
mixtures of argon, carbon dioxide, oxygen, and 

carbondioxide. 
Because of the high cost of inert gas, carbon 

dioxide and a mixture of oxygen and carbon dioxide 
are widely used for welding carbon steel and low- 
alloy high-strength steels. Argon and a mixture of 
argon and carbon dioxide are often used for weld- 
ing quenched-and-tempered steels and ultrahigh- 
strength steels. Inert gases, which may contain small 
portions of other gases, are used almost exclusively 
for welding stainless steel, aluminum, titanium, and 
other nonferrous metals. 

Compared with GTA welding, GMA welding is 
characterized by a high deposition rate (although 
much less than that of the submerged-arc welding). 
Therefore, the GMA process is chiefly used for weld- 
ing heavy plates, while the GTA process is mainly 
used for welding thin sheets. 

A group of GMA processes generally called the 
narrow gap process has been developed during the 
last 20 years [21]. The narrow gap process differs 
from conventional welding procedures in the type of 
joint design used. The new procedure uses a square- 
butt joint with a narrow root opening (approximately 
U4 in.). The use of this type of joint results in a weld 
deposit with a small fusion zone. A typical weld 
deposited by this process in a 2-in.-thick HY-80 steel 
is shown in Fig. 2 1. 

other gases, and 
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Fig. 20 Schematic diagram of gas metal-arc welding 
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The very high depth-to-width ratio and the very 
narrow, uniform heat-affected zone are apparent. A 
mixture of argon and carbon dioxide is used as the 
shielding gas. Welds are deposited from one side of 
the plate using a specifically designed guide tube 
that extends into the joint. Welds can be made in all 
positions-the weld shown in Fig. 21 was made in 
the vertical position. 

Electron beam welding: Heat for coalescence in 
electron beam welding (EB) is obtained from the 

Fig. 21 A weld deposited by the narrow gap process 

impingement of a beam of high-velocity electrons on 
the workpiece to be welded. The EB welding process 
was first developed to obtain ultra-high purity welds 
in reactive and refractory metals used in the atomic 
energy and rocketry fields. Eventually, however, it 
may be applied to other structures as well, due to the 
increasing use of higher-strength advanced materi- 
als in various structures. (Conventional metal-arc 
welding processes cannot produce notch-tough 
welds comparable to the base plate.) 

Figure 22 [22] shows the electron optical system 
employed. A high-voltage current passes through the 
filament. heating it to about 4000°F. and causes 
high-velocity electrons to be emitted. These electrons 
are concentrated and focused on the workpiece by 
means of the control electrode, accelerating anode, 
and focusing coils. Welding must be done in a vac- 
uum chamber so that a concentrated electron beam 
cannot be scattered by atmospheric particles. 

EB welding machines with a vacuum chamber are 
classifled into two types: hard-vacuum environment 
and soft-vacuum environment [22]. In hard-vacuum 
environment EB welding equipment, the pressure in 
the chamber is kept as low as 0.3 x lo4 torr. The 
pressure in the chamber of soft-vacuum EB ma- 
chines is kept at less than lo4 torr. Diffusion pumps 
are required to attain such a low pressure, along with 
mechanical pumps or Rootes pumps. 

The necessity of using the vacuum chamber im- 
poses a serious limitation on the size of the work- 
piece. This limitation is the principal reason for EB 
welding’s limited use. despite its excellence. Much 
effort, however, has been devoted to the development 
of EB machines in which the workpiece can remain 
outside the vacuum chamber. Some nonvacuum type 
EB machines have been developed, but they are not 
yet practical enough. These machines enable the 
electron beam to emerge through a small orifice in 
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Fig. 22 Schematic representation of EB welding machine [23] 

the vacuum chamber in order to strike the workpiece 
outside. High-capacity vacuum pumps control the 
leakage through the orifice. 

Another attempt to avoid the limitation from a 
vacuum chamber involves the development of a 
mobile-chamber-type EB welding process [23]. As 
shown in Fig. 23. the principal mechanism of this 
process is the application of a small. movable cham- 
ber equipped with an electron gun. which provides 
an evacuated space between the moveable chamber 
and the workpiece. This machine enables one to 
apply the EB welding process to large structures: 
however, the difficulty of sealing still remains. 

EB welding machines are classified into two 
types-high-voltage and low-voltage. High-voltage 
equipment employs 50 to 100 kV, while low-voltage 
machines use from 10 to 30 kV. High-voltage ma- 
chines provide a well-focused narrow beam, which 
leads to deeper penetration. However, the X-ray emis- 
sion by high voltages and greater electron velocities 
necessitates expensive protective shielding. This 
problem is not serious for low-voltage equipment, 
which yield sufficient spot concentration and pene- 
tration while soft X-rays can be absorbed by the walls 
of the evacuated chamber. 

Although it has the disadvantage of size limitation 
of the workpiece, EB welding has great advantages 
over the conventional processes. One is its ability to 
handle welding materials which are difficult to weld 
by other processes, such as ultrahigh-strength ma- 
terials. Another is its high efficiency: EB welding 
saves time. For example, today’s high-power EB 
welding machine can weld 20-cm-thick steel plate or 

30.5-cm-thick aluminum plate with one pass [24]. 
Figure 24 demonstrates an EB-welded joint of 
150-mm-thick steel plate. 

As the feasibility of conventional metal-arc weld- 
ing processes decreases with increasing yield- 
strength and plate thickness of materials (which is 
the case in welding deep submersible hull materials), 
EB welding is expected to be used more extensively 
in this area. 

Laser welding [1.20]: The application of laser 
beams to welding is rather new. Laser welding is 
accomplished by focusing the high-intensity light 
beam from the crystal (usually a ruby) at or near the 
location on the workpiece where local fusion is to be 
made. The objective is to fuse the point of contact 
between the two workpieces, thereby forming a weld. 
As with other welding processes, the amount of metal 
melted depends upon the intensity and total energy 
transferred by the laser beam. The power density of 
the laser beam is in the range between lo5 and 1013 
W/cm2, which is about lo3 times higher than that of 
metal-arc welding and as high as that of EB welding. 

The high-power density enables one to make a 
weldment with lower total heat input, hence less 
welding distortion. Low-heat input leads to a small 
HAZ-hence. a sound weldment. free from the HA2 
degradation problem. 

Other advantages of laser beam weldings are as 
follows: 

Since the laser delivers its energy in the form of 
light. it can be operated in any transparent 
environment (air, vacuum, inert gas, or even 
certain liquids) and through transparent win- 
dows: also. it need not be in close proximity to 
the workpiece. 
There is no need for mechanical contact of any 
kind with the workpiece. nor any requirement 
that the material being worked on be a conductor 
of electricity. 
Since the laser beam is almost perfectly colli- 
mated and monochromatic, very simple optical 
systems can be used to bend, direct, and focus 
the laser beam with high precision. 

Because of these great ad&&ges, the laser beam 
welding process will be applied to a very wide range 
of industries in the future. 

Fig. 23 Schematic drawing of movable chamber type EB 
welding machine [23] 
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Fig. 24 EB welded 150-mm-thick (6411.) steel plate 

Despite its potentialities, however, the laser beam 
welding process has not been used for the fabrication 
of large structures. There are two reasons for this: 
kit,  the low capacity of the state-of-the-art welding 
machine to emit sufficient energy output for welding 
thick plates means that today’s laser welding ma- 
chines can only weld a plate with the thickness of a 
small fraction of an inch. This limitation will be 
overcome by increasing the energy output capacity. 
Second, current welding machines are unable to 
make continuous weldings. given the beam’s pulsed 
nature. To solve this problem, an attempt has been 
and is being made to develop a device capable of very 
high pulse repetition rates. 

When these two problems are overcome, laser weld- 
ing is expected to be the most feasible process available 
for the welding of ultrahigh-strength materials. 

Problems associated with weIding-Welding 
causes many problems: welding heat changes mate- 
rial properties in the HAZ; in general, it lowers notch 
toughness: absorption of hydrogen causes hydrogen 
embrittlement or hydrogen cracking. The use of Mer 
metal causes a discontinuity in material properties 
at  the weld. (No Nler metal which matches the base 
metal in both strength and toughness is available for 
today’s ultrahigh-strength materials.) Thermal plas- 
ticity causes high tensile residual stresses near the 
weld, which have a bad effect on, among other things, 
the fiacture strength of the material. 

Since the effects of residual stress will be de- 
scribed in Section 2.3, hydrogen embrittlement 
and notch toughness of welds should now be dis- 
cussed. 

Hydrogen embrittlement is one of the most com- 
mon and serious types of time-dependent fractures 
[l]. In laboratory testing, the presence of hydrogen 
results in a decrease in the ductility of unnotched 

tensile specimens and hence a decrease in the tensile 
strength of notched specimens. In service. failure can 
occur without warning, minutes to years atter a static 
load has been applied to a structure containing hydro- 
gen. 

Where welding is involved, hydrogen is supplied 
from moisture either in the base material or in the 
filler metal through the decomposition caused by the 
high temperatures characteristic of welding. This 
hydrogen can cause cracking in the HAZ. It is well 
known that cracking of this type disrupted the intro- 
duction of Hy-80 steel to submarine fabrication. 

Characteristics of hydrogen embrittlement: As 
well as steels having a body-centered cubic (BCC) 
crystal structure, titanium and zirconium and their 
alloys also are susceptible to hydrogen embrittle- 
ment. The hydrogen can be introduced into these 
materials during processing, cleaning (acid pick- 
ling), and electroplating operations. 

There are two characteristics of hydrogen embrit- 
tlement. Mrst, it is not a form of stress corrosion 
cracking. In fact, fracture often occurs when the 
metal selves or has served as a cathode, during 
electroplating or in a cathodic ‘protection” operation. 
Second, embrittlement results from hydrogen con- 
tents that are greater than the equilibrium solubility 
limit (about lo4 ppm by weight in iron and 20 to 
35 ppm in titanium and zirconium at room temper- 
ature at  1 atm hydrogen pressure). The excess hy- 
drogen which causes embrittlement can be as low as 
1 ppm in high-strength steel and 35 ppm in titanium 
and zirconium. 

Hydrogen embrittlement of steels: Figure 25 
shows hydrogen-induced delayed-fiacture charac- 
teristics of various steels [25]. Curves in the figure 
were estimated by Masubuchi and Martin [251 from 
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Fig. 25 Hydrogen-induced delayed fracture characteristics of various steels [25]. Note: Curves 
are estimated from results obtained by Simcoe eta/. [26]. The commercial high-strength 

structural steel is identified above as Steel T. Table 2 contains approximate tensile 
strengths of these steels 

experimental results conducted by Simcoe and others 
[26] on SAE 4340 steel quenched and tempered at 
difficult strength levels. 

Figure 25 shows a general tendency of steel to 
become more susceptible to hydrogen cracking as the 
strength level increases. For example, SAE 4340 steel 

Table 2 Summary of results of hydrogen-Induced cracking tests on welded specimens made from various materials 

Base Plate and Heat Treatment 

1. Mild steel 

2. HY-80 (quenched and tempered) 

3. Commercial high-strength struc- 
tural steel (water quenched 
and tempered at 1150°F) 

4. Commercial high-strength struc- 
tural steel (water quenched and 
tempered at 350°F) 

5. SAE 4340 steel (as rolled) 
6. SAE 4340 steel (oil quenched 

and tempered at 1150°F) 
7. SAE 4340 steel (oil quenched 

and tempered at 750°F) 
8. SAE 4340 steel (oil quenched 

and tempered at 600°F) 
9. SAE 4340 steel (oil quenched 

and tempered at 500°F) 

Approximate Number of Plate 

Strength,psi I Tested I in. 
Tensile Specimens Thickness, 

25 000 6 

100000 4 

120 000 1 

150 000 5 

150000 1 
175 000 1 

220 000 1 

240 000 1 

260 000 25 

Y2 to 2 

Y2 to 2 

Y4 

v2, Y4 

v4 
Ma 

Ma 

v4 

v4 to v4 

Hydrogen 
Charging 
Period, h 

up to 379 

up to 21 6 

4% 

up to 24 

14 
6% 

6 

1 

upto 16 

Summary of Test Results 

Very small cracks in the heat- 
affected zone of two specimens, but 
no cracks in four other specimens 
hydrogen charged up to 1261% h. 
Small cracks in two specimens, but 
no cracks in two other specimens. 
No cracking. 

Several cracks were found in three 
specimens. 

No cracking. 
Several transverse cracks. 

Fairly systematic cracks. 

Systematic cracks. 

Extensive cracks in all specimens 
except one which had been me- 
chanically stress-relieved; cracks 
were found after hydrogen charg- 
ing for a few hours or less 

"Ground from 59 to %! in. thick 
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i Covered-electrode Base deposited metal (flat position) 

1 Covered-electrode deposited metal (vertical position) 
I 
h Covered-electrode deposited metal (stress relieved) 

8 Submerged-arc deposited metal 

I 

8 

" 
-1 60 -1 20 -80 -40 0 40 80 120 

Temperature, "F 

Fig. 26 Notch-toughness required by various specifications: 1. International specification for ship 
steel-A, D, E (AS, DS, ES are 70% of A, D, and E, respectively; submerged-arc welding). 2. AWS: 

E-7028, E-6010, E-8016-C3, E-9018-M, E-8016-C1, E-8016-C2.3. IIW, Commission 11: QI, QII, QIII 
for flat and vertical positions. 4. IIW, Commission XI: 42C, 42D (submerged arc-welding). 

oil quenched and tempered at 500°F has the tensile 
strength of about 260 000 psi. When hydrogen is 
charged to this steel while it is subjected to tensile 
stress of 80 000 psi, it takes only 5 minutes before 
the steel fractures. When the stress is lowered to 
40 000 psi, for example, it takes about 15 min before 
the steel fractures. When steel with a lower strength 
level is subjected to stress and hydrogen. it takes a 
longer time before the steel fractures. For example, 
when HY-80 steel is subjected to a tensile stress of 
80 000 psi. it takes about 400 min before it fractures. 

Masubuchi and Martin 1251 investigated hydro- 
gen-induced cracking characteristics of weldments 
in various steels. Table 2 summarizes their experi- 
mental results as follows: 

Mild steel was immune to hydrogen embrittle- 
ment. Of six specimens which were charged with 
hydrogen up to 379 h, very small cracks were 
observed in two specimens. No cracks were ob- 
served in the other four specimens, hydrogen 
charged up to 126& h. 
As the strength level of steel increased. weld- 
ments became more susceptible to hydrogen 
embrittlement. 

Weldments made in SAE 4340 steel quenched 
and tempered at a very high-strength level were 
very susceptible to hydrogen embrittlement. Ex- 
tensive cracks were obtained in all specimens 
except one which had been mechanically stress 
relieved. Cracks were found after hydrogen 
charging for a few hours or less. 

Notch toughness ofweld metal 11,211: In order for 
brittle fracture of welded structures to be avoided, it 
is important that both the base plate and weld metal 
have adequate notch toughness. It is not difficult to 
obtain weld metal with notch toughness equivalent 
to ordinary carbon steel. However, it becomes a 
serious consideration when welding high-strength, 
quenched-and-tempered steels. These steels have 
both high yield strength and excellent notch tough- 
ness that is difficult to match in the weld metal. The 
case of Hy-80 steel provides a good example of this. 

Table 3 shows the requirements of AWS-ASTM 
specifications on weld metal notch toughness in butt 
joints with requirements on HY-80 steel base metal. 
AWS-ASTM specifications include electrodes which 
produce welds with from 60 000 psi to 120 000 psi 
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Fig. 27 Notch-toughness of weld metals of low-hydrogen 
hiah-strength steel electrodes Fig. 28 Notch-toughness of submerged-arc deposited metals - - 

in mild steel and high-strength steels 

tensile strengths. These electrodes include those for 
steels up to the HY-80 class. 

In Fig. 26, the requirements of HY-80 base plates 
and those on covered-electrode deposited metals are 
compared. Taking into consideration the general 
trend of notch toughness increasing with tempera- 
ture, the figure reveals that current AWS-ASTM speci- 
fications do not claim the weld notch toughness to 
be as high as that for HY-80 base plate. 

Figure 27 illustrates this situation more specilk- 
ally. The shaded area of the figure represents the 
scatter band of notch toughnesses of modem elec- 
trodes. Though these electrodes satisfy the require- 
ments regarding yield strengths, even the maximum 

value of notch toughness does not match the re- 
quired minimum notch toughness. For this reason, 
many research programs have been conducted to 
develop flux-wire combinations which produce weld 
metals as tough as HY-80 base plates. As an exam- 
ple, notch toughness data on weld metals made by 
the use of special flux-wire combinations developed 
at the Battelle Memorial Institute [27,28] are pre- 
sented in ntg. 28. 

This graph shows the Charpy V-notch transition 
curves of both the weld metal which had the best 
notch toughness and a weld metal made with con- 
ventional wire and flw. The welds were made in 
M-in.-thick HY-80 steel plate by the multilayer tech- 

Table 3 Notch toughness requirements of various specifications 

Base Metal or 
Weld Metal Specifications and Class 

Ch-y V-Notch 

Minimum Energy Temperature, 
Absorption, ft-lb "F 

U.S. Navy HY-80 Steel 
Base Metal Thickness 2 in. or less 

Thickness over 2 in. 
60 -1 20 
30 -1 20 

AWSASTM 
Covered-Electrode- E6012, E6013, E6020, E7014, E7024 not required 

Deposited Metal ~ 7 0 2 8  20 0 
E6010, E6011, E6027, E7015, E7016, E7018 20 -20 
E801643, E8018-C3 20 -40 
E9015D1, E9OlRD1, E10015-D2, ElOOlGD2, E10018-D2 20= -60 
E9018-M, El001 8-M, E l  1018-M, E l  201 8-M 20 -60 
E8016-C1, E8018-C1 2oa -75 
E8016-C2, E801RC2 20 -1 00 

'Stress-relieved condition. 
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Chapter V 
Hydromechanical Principles 
E. E. Allmendinger, M. De La Vergne, and H. Jackson 

1. Overview 

HE SUBJECT of hydromhanics, as applied to the 
design of submersibles or other types of marine T vehicles, involves the field of engineering con- 

cerned with the mechanics of the fluid, water, in 
motion. I t  is customary to consider this subject as 
being divided into hydrostatics and h y d d y n m k s -  
the former often being viewed as but a special case 
of the latter in which there is no relative motion 
between the vehicle under study and the surround- 
ing water particles. As will be seen, hydrostatic and 
hydrodynamic design considerations are interrelated 
to the extent that it is expedient to present their 
underlying principles in the same chapter entitled, 
simply, Hydromechanical Principles. 

Section 2 of this chapter provides definitions and 
introductory material intended to facilitate the pre- 
sentation and understanding of hydromechanical 
principles as they apply specifically to the design of 
the so-called manned, neutral-buoyancy submersible 
with three-dimensional mobility and as they may be 
adapted for use in the designs of a broad spectrum 
of both manned and unmanned submersible types 
with one-. two-. or three-dimensional mobility. A 
rather extensive discussion of hydromechanical cat- 
egories of submersibles is included in support of both 
functions of the introductory material. The section is 
concluded with an overview of submersible operating 
conditions which, collectively, form a drive profle 
and the control systems required to transit this 
prollle safely and effectively. 

Section 3 concerns hydromechanicaZ principZes- 
hydrostatics primarily as they are directly applicable 
to the design of manned, neutral-buoyancy submers- 
ibles. These principles relate to design considera- 
tions, including 

1. stalical equilibrium and stability fundamentals 
2. statical stability details 
3. dynamic stability 
4. weight-displacement-volume relationships 

5. hydrostatic characteristics 
6. static control systems 

In several instances, it will be necessary to discuss 
these considerations with reference to three major 
operating conditions: 

surface condition. 
0 transition condition-passing through the 

air/water interface on diving/surfacing, and 
0 submerged condition. 

For example, statical stability details differ sign& 
cantly among these conditions and, consequently, 
must be discussed for each one. 

Section 4 concerns hydromhanical principZes- 
hyddynamlcs. also as directly applicable to the 
design of manned, neutral-buoyancy submersibles. 
The section is introduced with a review of the equa- 
tions of motion followed by a presentation of hydro- 
dynamic principles relating to the following design 
considerations: 

1. resistance and propulsion, 
2. propulsors. and 
3. stability and control. 

It will be necessary to discuss them with reference to 
low and high forward speeds and 
low and high vertical speeds 

because they and related submersible characteris- 
tics differ substantially between the low- and high- 
speed regimes. For example, minimizing resistance 
is not critical for designs whose performance require- 
ments include low forward or vertical speeds or both. 
Consequently, these designs are not obliged to use 
streamlined, enclosed envelopes of the type dis- 
cussed in Chapter I. On the other hand, minimizing 
resistance is of great importance for high forward or 
vertical speeds or both, with streamlining in the 
direction of motions being mandatory. 

Note should be taken of two additional hydro- 
dynamic design considerations not listed above: m- 
twn of a submersible in waws and tether dynamics. 
Motion in waves primarily pertains to launch/re- 
trieval dynamics, particularly to the retrieval phase, 
and the relative motions of two bodies of vastly 
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different masses and shapes represented by the 
submersible and its support ship. In most instances, 
little can be done by the submersible’s designer to 
overcome the severe dynamic mismatch between 
these bodies, the burden for safe and rapid handling 
of the submersible falling essentially on the design 
and expert operation of the launch/retrieval system 
located on the support ship. Consequently, this sub- 
ject is not addressed in Section 4. The reader should 
examine reference [ 11 or other works on naval archi- 
tecture for more detailed information on motion in 
waves. 

The subject of tether dynamics is important in the 
designs of all manned and unmanned undemater- 

vehicle systems employing tethers, primarily from 
the points of view of drag and tether management 
and attachment to vehicle to minimize restrictions on 
maneuverability. However, since this publication is 
essentially concerned with untethered, manned sub- 
mersibles, tether dynamics is not discussed in Sec- 
tion 4. either. 
No attempt is made in this chapter to derive 

mathematical formulations associated with hydro- 
mechanical principles presented; reference [ 1 I and 
other works on naval architecture are useful for 
these derivations. Other references given provide 
additional background material on subjects dis- 
cussed. 

g‘ 
Yo 

FORCE-MOMENT RESULTANTS 

G 

X, Y, Z = Resultants of Static and Dynamic Forces 

K, M, N = Resultants of Static and Gynamic Force 

Fig. 1 Forcedmoments acting on a submersible 

along Body Axes x, y, z 

Moments about Body Axes x, y, L 
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2. Introduction 

2.1 Forces and Moments Acting on Submersibles 

Hydromechanical principles pertinent to sub- 
mersible design concern the behavior of these vehi- 
cles when acted on by forces/moments from a few or 
all of the following force sources: 

1. 
2. 

3. 

4. 

5. 

6. 

Earth's g&vitational field (weight) 
Resultant of hydrostatic pressure on the sub- 
mersible (displacement) 
Relative motion between a submersible's 
body, its appendages, and the surrounding 
water particles (lift and drag or resistance) 
Reactions to time-rate-of-change in hear and 
angular momentum of water particles 
caused by the submersible's thrust-producing 
devices (thrust and torque) 
Contacts with objects, waves, and wind 
(contact forces) 
Resistance to changes in motion evidenced by 
linear and angular accelerations (inertia) 

These forces, except for those of Source 5, are 
shown acting on a neutral buoyancy submersible in 
Fig. 1, in which the vehicle is arbitrarily oriented in 
space at  a particular instant with reference to the 
x ~ . y o . ~  earth axes' as indicated with x, y.z body 
axes attached to it. They, and associated moments, 
may be categorized as either static or dynamic. 
Forces/moments from Sources 1 and 2 and the objects 
of Source 5 may be called static in the sense that 
they exist in the absence of relative motion between 
the submersible and surrounding fluid field. On the 
other hand, forces/moments from Sources 3 and 4, 
and the waves and wind of Sources 5 and inertia of 
Source 6 may be called dynamic because their exis- 
tence does depend on the presence of relative motion 
between submersible and smunding  fluid or change 
in motion. From another perspective, they may be 
categorized as follows, with force/moments from some 
sources being in one or more of these categories: 

1. Control forces/moments. used by the operator 
for control of the vehicle: 
a. Source 1: changes in weight/moments 
b. Source 2: changes in displacement/mo- 

c. Source 3: thrust/moments 
d. Source 4 lift/moments 
e. Source 5 purposeful contact with objects 

2. Induced forces/moments. induced or created 
by changes in position or motion of the vehicle: 
a. Sources 1 and 2: changes in weight, dis- 

placement, weight/displacement moment 

ments 

'The m,yo.zo earth axes are fixed in the earth with the +a 
direction being vertically downwar& these axes provide a fixed 
reference frame for hydromechanical studies. The x,y.z body axes 
are fixed in, and move with. the submersible, their origin being at 
some convenient point such as the vehicle's center ofgravity G. Both 
sets of axes form rlght-hand, orthogonal axes sytems. 

b. Source 4 lift-drag/moments, induced by 
angles of attack, and resistance 

c. Source 6 inertia forces/moments 
3. External forces/moments, over which the 

operator has no direct control: 
a. Source 1: basic weight 
b. Source 2: basic displacement 
c. Source 5 accidental contact with objects, 

Brief comments on the static-dynamic categories 
follow with remarks on control, induced and external 
forces/moments included. Details are given in Sec- 
tions 3 and 4 of the chapter. 

waves and wind 

2.1.1 Static Forces/Moments 

Examples of these forces are shown in Fig. 2. 
Weight Wof Source 1. as was seen in Chapter I, is 

the sum of the weights of all items comprising the 
submersible, condensed into seven weight groups, 
and the loads it carries in various operating condi- 
tions. The weights of the seven groups remain con- 
stant during a particular dive while the loads vary. 

Displacement A of Source 2 is the product of the 
volume of displacement vand the specific weighty of 
the surrounding water. v i s  the sum of the volumes 
of all water-excluding items of the submersible and 
the loads it carries, but note that items and loads in 
containers do not contribute to 2 Both components 
of A may vary during a dive-vbecause of compress- 
ibility of the individual volumes under hydrostatic 
pressure and y because of changes in water temper- 
ature and salinitywith changes in depth, in operating 
areas, or in both. At deep depths, changes in pres- 
sure also alter 'y. If changes in and y offset each 
other, an isoballast condition is said to exist; no 
changes in ballast or displacement are required to 
maintain the desired relationship between Wand A. 

The difference $tween Wand A, or their resultant. 
is called buoyancy. Positive buoyancy exists when W 
is less than A, negative buoyancy when W is greater 
than A, and neutral buoyancy when W equals A. The 
term neutral buoyancy is used in identifying the type 
of submersible whose total submerged weight and 
displacement are equal in the so-called des@n con- 
dition. a term to be discussed presently. 

W and A have collinear lines of action when the 
submersible is at rest. When inclined away from this 
position by forces/moments from other sources 
about either the x or y axes, Wand A form righting 
moments (RM) which resist these inclinations. This 
resistance is called statical stability, which varies 

%e term abuoyancy" is often used for 'displacement" instead of 
being reserved for use as the *resultant" of W and A. The latter 
definitionwillbe. used hexein. Aconttadiction seems to exist, perhaps 
for psychological reasons, in the direction sense assigned to buoy- 
ancy: "positive buoyancy" is Vertically upward in the negative zo 
direction, whereas 'negative buoyancy" is vertically downward in the 
positive zo direction. 
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Fig. 2 Examples of static forces 

with the angle of inclination 8 about the x-axis or a 
about the y-axis. A plot of RM versus 8 or a is the 
statical stability curve. The development of RM and 
a typical statical stability curve are shown in Fig. 3. 

Source 5 objects include the following: items at- 
tached to the submersible, such as lowering/lifting 
and mooring cables or tethers: objects to which the 
submersible may be attached by its "grabber" manip- 
ulators or other devices, such as the columns or 
struts of underwater structures: the seafloor; and 
objects contacted accidentally. The presence of any 
Source 5 forces/moments SigniAcantly alters the 
'free-floating" characteristics of the vehicle. 

2.1.2 Dynamic Forces/Moments 

Examples of these forces/moments are show in 
mgs. 4 to 7. 
Lift (L) and drag (D) forces/moments of Source 3 

are, respectively, normal and parallel to the direction 
of fluid flow, as shown in Fig. 4. L generally exists 
when there is a non-zero angle of attack a developed 
between the body's axis and the direction of fluid 
flow. The angle is non-zero because of the body's 
asymmetry with respect to its axis, inclination of a 
symmetric body to the direction of flow, or both. In 
this case, the bodies are the submersible's hull and 
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! I 
I 

Fig. 3 Statical stability curves of righting moments 

its appendages, the latter including items such as the 
sail or access-hatch shield, fixed Ans used for motion 
stabilization, and movable control surfaces such as 
rudders and planes. L forces/moments are used to 
control the submersible’s motion at the higher for- 
ward speeds: D forces/moments always accompany L. 
They are also present for zero or near-zero values of 
a. in which case drag is usually called resistance R 
by naval architects. This force is important in resis- 
tance and propulsion, or speed and power, studies. 
The nature of R is outlined in ntg. 5, and details of 
its components are discussed in Section 4. 

Thrust Tof Source 4 is created by thrust-producing 
devices on the submersible such as screw and cycloi- 
dal propellers and waterjets. Free, shrouded or 
ducted screw propellers are most frequently used. 
These devices increase the linear momentum of the 
water particles as they pass through them, and 
thrust is the reactive force to that causing the in- 
crease in the particles’ momenta. T is used to pro- 
duce forward speed and, in some instances, vertical 

speed in descent/ascent operations. T and its mo- 
ments are also used to control the submersible’s 
motion at zero and low forward speeds when L 
forces/moments are ineffective. Propellers also in- 
crease the angular momenta of water particles pass- 
ing through them: torque Q is the reactive moment 
to that causing this change. Q is an unwanted 
moment which tends to rotate the submersible in a 
direction opposite to that in which the propeller is 
rotating. If pronounced, this moment must be com- 
pensated for in some manner. Using two coaxial 
counter-rotating propellers is one way of achieving 
this compensation. Various types and arrangements 
of thrust-producing devices are shown in Fig. 6. 

Wave and wind forces of Source 5 act on the 
submersible during its surface operations. These 
forces are usually of greater concern during the 
submersible’s surfacing/retrieval phase than in its 
launch/diving phase because the former requires 
more time than the latter, considerably more time 
under unusual or emergency conditions. Wave-wind 
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Fig. 4 Examples of lift and drag forces illustrated by 
all-movable control surfaces 

forces/moments are of concern in providing for safe 
angles of submersible inclincation and for safe and 
efficient launch/retrieval systems. 

An introductory discussion on safe angles of in- 
clination necessitates a brief review of the second 
type of stability to be introduced in this section, 
clynamic stability or righting energy, and the wave- 
wind-generated heelm moment and heeling m y .  
Dynamic stability is closely associated with statical 
stability, the latter having been deflned as the resis- 
tance to inclinations about the x and y axes with 
x-axis inclinations being of primary interest here. As 
was seen, a curve of RMversus angle of heel 8 can be 
drawn. Dynamic stability is the area under this curve 
to any specified 8d, as shown in Fig. 26 (see page 
225). which illustrates a more advanced discussion 
of the subject. This area is the righting energy or 
energy required to heel the submersible to that angle. 
Mathematically, the dynamic stability curve is the 
first integral of the statical stability curve. Both 
wave-wind forces are assumed to strike the exposed, 
above-water structure broadside. They act in con- 
junction with the water resistance force, applied at 
the center of lateral resistance, to form heeling mo- 
ments. These moments vary with the strength of the 
wave-wind force, the lateral area of the exposed 
structure, the height of the center of this area above 
the water line, and 8. A heeling moment (HM) curve 
can be drawn on the same coordinates as the statical 
stability curve, as shown in Fig. 26, and the area 
under this curve is heeling energy. The heeling en- 
ergy curve is the first integral of the heeling mo- 

R = R BARE HULL + R APPENDAGES 

FRICTION 

R PRESSURE 

r R stxoni FLAT PLATE I 

- 
V = Const. 

ROUGHNESS 

FORM 

INTERACTION 

R*WAVE 

PRESS. (NO FLOW SEPARATION) 

PRESS. (FLOW SEPARATION) 

*equal to zero for deeply 
submerged submsrslbles 

Fig. 5 The nature of resistance 

ment curve. As indicated in Fig. 26, the submersible 
will heel over to a maxhum angle of heel, 8M. at 
which the heeling energy equals the righting energy- 
assuming that the resistance to rolling is negligible. 
It will suffice to say here that 8, must be limited to 
acceptable values by providing adequate dynamic 
stability and reducing the submersible's lateral area 
to the extent feasible, which usually presents no 
problem for small vehicles. 

safe and efficient launch/retrieval systems, as 
noted in Chapter I. primarily involve the defign and 
operation of the main portion of the system located 
on the support ship because there is little the sub- 
mersible designer can do to overcome the dynamic 
mismatch between vehicle and ship. keeboard is one 
feature which can be incorporated into the design to 
offset at least partially the effect of wave action in 
hampering the attachment of the lift-line to the 
submersible, which is often accomplished by divers 
on the vehicle's topside structure. 

Inertia forces/moments of Source 6 may be intro- 
duced with the observation that applied forces/mo- 
ments imparting linear and angular accelerations to 
a submersible are always larger than the products of 
the vehicle's mass/mass moment of inertia times 

3ihe most widely used launch/recovexy is a stem-mounted, 
hydraulically operated, single-point IU?, A-frame system. Remote sys- 
tems have been desfgned in which the submersible is launched/re- 
triwed at depths at which surface wave action is negligible. 
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these accelerations. In this regard, three masses and 
three mass moments of inertia must be considered, 
respectively, with reference to hear and angular 
accelerations: those of (1) the submersible and its 
loads, (2) the water entrained in the submersible's 
envelope and its appendages, and (3) the water adja- 
cent to the submersible which is accelerated by its 
motions. Masses and mass moments of inertia (1) 
and (2) are constant for a given vehicle envelope, 
enclosed or open, and for a specific condition of 
loading. These quantities for (3) vary with type of 
motion involved: different quantities of water are 
linearly accelerated in the xy.2 directions and angu- 
larly accelerated about these axes, as illustrated in 
Fig. 7. It is evident from this figure. for example, that 
large quantities of water are accelerated by the 
submersible's motion along the y-axis or about the 
z-axis while small quantities are accelerated by 
its motion about the x-axis. The third mass and 
mass moments of inertia may be viewed either as 
added mass or added mass moments of inertia or, 
when multiplied by accelerations, as added hydro- 
dynamic forces and moments created by the sub- 
mersible's accelerations through the water. If the 
former view obtains, the sum of (1). (2). and (3) is 
referred to as the virtual mass or virtual mass mo- 
ment of inertia of the vehicle. Because of the vaxia- 
tions in (3). these quantities will vary with the mo- 
tions involved. 

The sum of masses (1) and (2) leads to use of the 
term dynamic displacement, AD to differentiate it 
from the usual static displacement, A, as previously 
defied. For neutral-buoyancy submersibles, then, 

W =  A 
W+ W m =  A -I- A m =  AD (1) 

where W, and Am are weight and displacement of 
entrained water. Dividing AD by the gravitational 
acceleration g yields the sum of masses (1) and (2). 
Entrained water, sometimes called 'free-flooding" 
water, is always present in varying amounts in en- 
closed envelope submersibles, its volume equal to the 
envelope's volume minus the volume of the water- 
displacing items within the envelope plus the free- 
f l d i n g  volume of the appendages. For relatively 
'closely-packed" envelopes, the volume of entrained 
water can be about 8 percent to 15 percent of 
Entrained water may also be present in open-frame 
vehicles, for instance in nonpressure resistant con- 
tainers and in the frame's tubular structure. 
Mass and mass moments of inertia (2) and (3) will 

vary with the type of envelope: enclosed envelope 
submersibles entrap more water and accelerate more 
adjacent water than do open-frame vehicles. An ap- 
preciation for the latter situation may be gained by 
imagining a light, solid door and a screen door of the 
same size immersed in a pool of water, each door 

Y I.- ry-J 

ay-ay G a = a , x  ry 

TRANSLATION ALONG y AXIS ROTATION ABOUT x AXIS 

Shaded areas provide some 
concept for the quantities of 
water adjacent to the sub- 
mersible which are accelerated 
as indicated in the diagrams. 

' 

Y 

ROTATION ABOUT z AXIS 

Fig. 7 Concept of added mass and mass moment of inertia 
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being given separate translational and rotational 
motions involving the same linear and angular accel- 
erations. Obviously, in both instances, a much larger 
mass of adjacent water will be moved by the solid 
door than by the screen door, with the result that a 
much greater force and moment must be applied to 
it than to the screen door. Said another way, the 
screen door, or open-frame submersible, is much 
more 'transparent" to the adjacent water as far as 
these motions are concerned. A design implication is 
that enclosed-envelope submersibles require greater 
control forces/moments than do similar-sized, open- 
frame submersibles for comparable maneuvering 
capabilities. 

2.2 Equilibrium and Nonequilibrium States 

Forces/moments from various sources act on a 
submerged submersible so as to place it in states of 
equilibrium or rwnquilibrium which may be ex- 
pressed in simplest manner by the equations 

X=O or # O  K = O  or # O  

Y = O  or # O  M = O  or # O  

Z=O or # O  N=O or # O  (21 

As indicated in Fig. 1, X,  Y. and Z and K, M, and N 
are, respectively. the algebraic sums, or resultants, 
of all forces in the x-, y-. and z-axis directions and 
moments about these axes. If the resultants of all of 
the equations (2) are zero, the submersible is said to 
be in a state of static or dynamic equilibrium in which 
it is either at rest, with no motion relative to the 
2g.yo.zo earth axes, or in steady-state motion with 
respect to these axes-that is, proceeding in a 
straight-line with constant speed. Inertia forces/mo- 
ments, of course, do not exist for these equilibrium 
states. If the resultant of one or more of equations 
(2) is not zero, the submersible is said to be in a state 
of static or dynamic rwnequitibrium. For dynamic 
conditions, the non-zero resultants cause non- 
steady-state motion of some type. with linear and 
angular accelerations creating inertia forces/mo- 
ments. 

Hydrostatic studies, then, are concerned with the 
behavior of a submersible in states of 

1. Static equilibrium-the vehicle at rest with 
reference to the 2g,yo,zo axes 

2. Static nonequilibrium-the vehicle being 
artificially restrained from motion for the 
purpose of analyzing static forces/moments 
acting and their affects 

Examples of studies 1 and 2 above include, respec- 
tively, those required to And equilibrium condition 
points on the equilibrium polygon and those associ- 
ated with statical stability studies in which the sub- 
mersible is inclined away from its position of static 
equilibrium to ascertain righting moments developed 
at  various angles of heel. 

Hydrodynamic studies are concerned with the 

1. Dynamic equilibrium-the vehicle possessing 
steady-state motion or the vehicle at rest 
with the surrounding water possessing this 
motion, as would be the case of a submers- 
ible holding position in a steady current field 

2. Dynamic nonequilibrium-the vehicle pos- 
sessing some type of nonsteady-state mo- 
tion with reference to the 2g.yo,~ axes. 

Examples of studies in 1 and 2 above include, respec- 
tively, those necessary to establish speed-power re- 
lationships in resistance and propulsion studies and 
those involved in maneuvering and control investiga- 
tions utilizing equations of motion. 

Equations of motion are used to analyze the mo- 
tion of a submersible and forces/moments causing 
it, which is described by the path generated by the 
body axes origin with reference to the earth axes 
origin, as indicated in Fig. 8. Motion can be further 
characterized in terms of degrees offreedom In 
general spatial motion, the vehicle is free to move in 
translation in the xy,z directions and in rotation 
about these axes, thus possessing six degrees of 
freedom. In such motion, there is a large number of 
cross-coupling effects which results in a complex set 
of six equations of motion for 

behavior of a submersible in states of 

1. surge (in the x-direction) 
2. sway (in the y-direction) 
3. heave (in the z-direction) 
4. roll (about the x-axis) 
5. pitch (about the y-axis) 
6. yaw (about the z-axis) 

As the degrees of freedom of motion are reduced, the 
equations of motion are progressively simplifled until 
they parallel the familiar mechanics equations of 

F = m  and M = h  
for one degree of freedom only, for example, the sub- 
mersible being constrained to translate in x-direction 
or to rotate about the z-axis without other motions 
being involved. These simplified equations are very 
useful in submersible design. The most simple equa- 
tion is the basis for speed-power studies. in which 
case the inertia force mu is zero. The simplified 
moment equation is useful in maneuvering/control 
studies for zero and very low forward or descent/as- 
cent speeds. An intermediate level of simplification 
of these equations is obtained by restricting the 
submersible's motion to the horizontal or vertical 
planes, in both cases the submersible being re- 
stricted to three degrees of freedom: 

horizontal plane (surge, sway, yaw) 
vertical plane (surge, heave. pitch) 

with three equations of motion involved for each 
plane. 

I t  should be noted, with reference to vertical plane 
and spatial motion, that statical stability is one of the 
factors entering into the equations of motion and is 
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x, y d  zoo are the x,, and zo coordinates of G 
v IS the velocity vector tangent to path 
u is the velocity vector in the x direction 
w is the velocity vector in the 2 direction 
p is the vertical drift angle 
y~ is the dive angle 

Fig. 8 Vertical plane motion of a submersible with reference to earth axes 

here called metacentric stability. As for static inclina- 
tions away from the equilibrium position, the meta- 
centric stability's weight-displacement moment also 
resists inclinations away from the horizontal by dy- 
namic forces/moments. For low speed submersibles, 
the lower limit of metacentric stability must be such 
as to provide for safety and an adequately stable 
plafform for conducting underwater tasks. Its upper 
limit should be such as to avoid requiring excessive 
thrust forces/moments for maneuvering. For higher- 
speed submersibles, metacentric stability is an im- 
portant factor in motion stability considerations. as 
will be seen. 
Motion stability is the third type of stability to be 

introduced in this section. It is briefly discussed at 
this point with respect to vertical plane motion in- 
volving forward (x-direction) and vertical (%-direc- 
tion) speeds. 

Motion stability with respect to forward speed is 
demonstrated in Fig. 9, which depicts a submersible 
moving in a vertical plane with constant speed on a 
stratgght-line. horizontal path at  a specified depth 
(words in italics are characteristics of the initial 
motion). A very short-duration force is shown dis- 
turbing the vehicle's initial motion. The question 
arises concerning the kind of motion the submersible 
will have after the disturbing force ceases, assuming, 

in this instance, that all control surfaces are fixed in 
the neutral position. The answer involves the concept 
of controk-jkd motion stability, the level and kind of 
stability possessed by the vehicle depending on the 
number and type of initial motion characteristics 
retained after the disturbance. In this regard, the 
lowest to the highest level of stability retains one, two, 
and three characteristics, respectively: 

Level 1, straight-line stability, retains only the 
straight-line characteristic 
Level 2, directional stability, retains the charac- 
teristics of both straight-line and horizontal ini- 
tial motion 
Level 3, positional stability, retains the charac- 
teristics of straight-line and horizontal motion at 
the initial specitled depth 

I t  should be understood that a directionally stable 
submersible must also possess straight-line stability 
and that a positionally stable submersible must also 
be directionally stable. This third level of motion 
stability is unachievable without the use of control 
forces/moments. In Fig. 9, note that directional sta- 
bility is associated with either a smooth or oscillatory 
transition between the initial and Anal paths depend- 
ing on whether the so-called stability indices are real 
or complex (for details see the Maneuvering and 
Control chapter of reference [ 111. 
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Short Duration Disturbance 

- Initial Path +. Path After Disturbance - 

Motion Instability - No 
Initial Path Characteristics 
Retained 

Level 1 - Straight-tine 
Stability (CASE A) 

Level 2 - Directional 
Stability - No Oscillations - 
Real Stability Indices 
(CASE B) 

Level 2 - Directional 
Stability - Osdllations - 
Complex Stability Indices 
(CASE C) 

Level 3 - Positional 
Stability (CASE D) 

Fig. 9 Motion stability in the vertical plane 

A submersible may also possess motion instabil- 
ity, as indicated in Fig. 9, in which case none of the 
initial motion characteristics are retained after the 
disturbance. In this instance, the vehicle is said to 
have stra7ght-line instability or directional instability, 
if, in the latter case, the stability indices are complex 
and the amplitude of the transition path's oscillations 
increase, rather than decrease, with time. 

The concept of motion stability is also applicable 
to the movement of a submersible in the horizontal 
plane, straight-line stability being the only level of 
controls-iixed stability attainable. The reason for this 
is that metacentric stability. or the weight-displace- 
ment righting moment, is absent in horizontal plane 
movement, whereas it is present in vertical plane 
movement. In the latter instance, it plays a vital role 
in the vehicle's ability to attain either straight-line 
or directional stability by resisting the efforts of in- 
duced hydrodynamic moments to cause motion in- 
stability. Its effectiveness in this role is a function 
of its magnitude and forward speed, this effective- 
ness increasing with its magnitude and decreasing 
with speed since induced moments increase with 
speed while the metacentric stability remains con- 
stant. In essence, then, attainment of directional 
stability in vertical plane motion means that, for a 

, 

given initial forward speed, the metacentric righting 
moment has overpowered the net induced hydro- 
dynamic moments, tending to cause instability and 
thereby causing the submersible to regain its level- 
flight path. 

Motion stability is desirable in the horizontal plane 
and mandatory in the vertical plane due to the 
potentially serious consequences of loss of depth 
control. Design objectives regarding the level and 
type of motion stability for a submersible are set forth 
in its performance requirements, which emphasize 
either path-keeping or path-changing abilities, sub- 
jects to be discussed shortly. 

Motion stability with respect to vertical speeds 
may be of concern in the design of a submersible 
because of emergency ascents, particularly if it has 
considerable x-y plane asymmetry due to the top- 
side sail, or access hatch shield, and other append- 
ages. Such asymmetry may result in oscillatory 
motions about the x, or roll, axis by induced hydro- 
dynamic forces/moments as the vehicle rises in the 
water column. Motion stability in this sense, then, 
should be sufficient to limit the amplitudes of these 
oscillations to acceptable values avoiding synchro- 
nous conditions. As before, metacentric stability and 
speed play important roles in motion stability. In this 
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Fig. 10 Example of a neutral-buoyancy submersible. The 
manned, deep-submergence vehicle Akin is the primary 
platform for conducting deep-sea science and is operated 

by the Woods Hole Oceanographic Institution. 
(Courtesy of WHOI) 

regard, emergency ascent speeds are relatively high 
due to large positive buoyancies created by the re- 
lease of heavy weights such as battery packs and 
droppable keels. These weights are low in the sub- 
mersible, and their release usually results in a rise 
of the center of gravity, G, and a reduction in meta- 
centric stability. In some designs, the pressure hull 
is released from the rest of the submersible in an 
emergency ascent. In any case, the metacentric and 
motion stabilities should be thoroughly investi- 
gated for this critical emergency operating condi- 
tion. 

2.3 Hydmmechanical Categories of Submersibles 

A submersible may be categorized in three ways 
from the perspective of hydromechanics: by design 
condition, speeds, and maneuvering. The following 
discussion of these categories covers a broad spec- 
trum of both manned and unmanned submers- 
ibles. 

2.3. I &s@n Condltbn Catego y 

Representative vehicles of the following categori- 
zation of submersibles based on the design condi- 
tions of neutral and non-neutral buoyancy are shown 
in Figs. 10 to 13. 

1. Neutral-buoyancy submersibles 
a. Reserve displacement 
b. Zero reserve displacement 

a. Statically supported 
b. Dynamically supported 

(2) Lift-supported 

2. Non-neutral-buoyancy submersibles 

(1) Thrust-supported 

All categories except 2a, which is always restrained, 
may be further categorized as unrestrained or re- 
stratned. These designations indicate the degree to 
which submersibles are restrained by physical link- 

agesf or tethers, to other I systems5 of the mission 
system such as a surface support ship. "Unre- 
strained" indicates complete freedom of movement, 
'restrained" limited freedom of movement. 

Fig. 14 illustrates these categories of submers- 
ibles. The force systems are shown acting so as to 
place all of the Submersibles, except 2b2, in sub- 
merged conditions of static equilibrium with zero 
trim and list. Category 2b2 is shown in a submerged 
condition of dynamic equilibrium with zero or non- 
zero trim because motion is necessary to generate 
lift and because Mm, or an inclination about the 
y-axis, is sometimes used to create lift. These specific 
submerged conditions are herein called des@n con- 
ditions to indicate that they set forth the basic force 
systems acting on the submersible within these 
categories. 

The identification of design conditions by no 
means implies that the submersible always operates 
in one of these conditions-either stationary in the 
water-column or, for Category 2b2, proceeding 

4LinkageS. or connections, betweem two or more r systems of a 
mission system may be visual. electronic, acoustical. and physical. 
Physical linkages. h&er called tethers, are connections such as 

'As defined in Chapter I. I systems are the major independent 
fik-optic 'threads;" wires. cables. and ddl-pipe strings. 

systems which, collectively. form the mission system. 

Flg. 11 Example of a statically-supported submersible. The 
manned Observation Manipulator Bell (OMB) was built by Perry 
Oceanographics and is used in support of undersea exploration 
and work missions. The bell can be made neutrally as well as 

negatively buoyant and is self-propelled. 
(Courtesy of Perry Offshore, Inc.) 
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Fig. 12 Example of a thrust-supported submersible. The 
unmanned, remoteoperated vehicle (ROV) Scorpio was 

built by Ametek-Straza for underwater work missions. It is 
controlled from the surface support ship through an umbilical 

cable to the vehicle. (Courtesy of Ametek-Straza) 

through it at constant-depth with constant-speed, 
straight-line motion. The submersible, using its con- 
trol systems, must be able to attain all operating 
conditions comprising its dive proflle, including its 
design condition, in order to accomplish the under- 
water mission. Departure from the design condition to 
other operating conditions is caused by the imposi- 
tion of static and dynamic forces/moments from var- 
ious sources on the basic force system. Consider, 
for example, a submersible in the design condi- 
tion of neutral buoyancy with zero trim and list. 
Other operating conditions, for instance, may re- 
quire the vehicle to 'sit hard" on the bottom for 
coring tasks or to depart from zero trim in facilitat- 
ing manipulator access to a work object. In general, 
these departures from the design condition neces- 
sitate superimposing static and dynamic control 
forces/moments of weight, displacement, and thrust 
on the basic force system. Yet other operating condi- 
tions may involve mobility and maneuverability ne- 
cessitating the imposition of control and induced 
forces/moments ofthrust, lift, drag, and inertia on the 
basic force system. 

Following is a discussion of the various design- 
condition categories of submersibles. The presenta- 
tion is simplitled by using the x y,z body axes and by 
declaring, for this purpose, that the +z direction is 
vertically downward in the +% direction. 

Neutral-buoyancy submersibles-This design con- 
dition, as indicated, is the 'baseline condition" in the 
sense that principles discussed in this chapter relat- 
ing to it can be adapted for use in the designs of 
sujmersibles with other design conditions. As shown 
in Ilg. 14, the only forces acting on the neutral-buoy- 
ancy submersible are the total submerged weight W 
and displacement A. Equations (2) for the design 
condition become 

x= Y= 0 

Z= W-A= 0 

K =  M =  N =  0 (24 

The first force equation (24 merely states that the 
resultants of x and y components of hydrostatic 
pressure acting on the submersible are zero. The 
second force equation (24 states that the resultant 
of Wand A, buoyancy FB, is zero. As noted, it is this 
zero value of FB which gives rise to the term neutral 
buoyancy to identify this category. The moment 
equation (2a) indicates that Wand A must be collin- 
ear forces. Further, the design condition requires the 
forces' common line of action be normal to the 
submersible's x-y plane for zero trim and list. In 
summary, then, the basic force system consists of two 
equal and opposite, mUinew&rces, W and A, whose 
line of action is n o d  to the submersible'sx-y plane. 
As will be seen, the latter part of this statement, 
together with statical stability requirements, flx the 
relative locations of the centers of gravity, G, and 
displacement' B in the vehicle. 

Subdivisions of neutral-buoyancy submersibles 
include reserve-displacement and zero-reserue- 
displacement vehicles, terms which refer to pre- 
dive, surface conditions. The reserve-displacement 
submersible floats on the surface with a certain 
amount of potential, displacement-producing vol- 
ume above the waterline. thus providing freeboard, 
which elevates the access hatch above this waterline 

?he "center of displacement" and "reserve displacement" are 
more often called "center of buoyancy" and "resenre buoyancy." 
However, consistent with de&ling "buoyancy" as the resultant of W 
and A and not a term synonymous with displacement, terminology 
in the text will be used. 

Fig. 13 Example of a lift-supported submersible. The 
unmanned, towed vehicle Argo was developed by the 

Woods Hole Oceanographic Institute for use in the visual 
and acoustical surveying of large areas of the seafloor. 

(Courtesy of WHOI) 
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and facflltates surface operations. This volume is 
called vdume of reserue displacement vm and is 
usually given as a percentage of the normal surface 
displacement volume v ~ ,  a term to be discussed 
later. Its value for submersibles is about 5 to 12 
percent of v ~ .  As will be seen, designs of this type 
must provide for main ballast tanks (MBT) whose net 
volumes are equal to ~ R D .  If so-called descent 
weights are not used, the MBT, when completely 
f l d e d ,  will cause the submersible to just submerge 
in an "awash" design condition. 
- Zero-reserve-displacement submersibles have no 
V' above the waterline. They float either "awash" at 
the waterline or with negative buoyancy, in which 
case they must be restrained h m  descent by external 
forces from Source 5, usually cable tension. Because 
main ballast tanks are not required, the size and weight 
of the vehicle are reduced, but surface operations, 
primarily launch and retrieval, are more complicated. 

Neutral-buoyancy submersibles are particularly 
suitable for missions requiring a high degree of self- 
mobility in three dimensions with either unre- 
strained or restrained operating radii. As noted, un- 
restrained submersibles have complete freedom of 
movement: their Operating radii are determined by 
design factors affecting submerged range and endur- 
ance such as on-board energy storage and Me-support 
(for manned submersibles) capacities. Restrained 
submersibles retain their mobility in three dimen- 
sions, but their operating radii are limited by tethers 
with other Isystems. For this categoxy, it is assumed that 
the tethers are relatively light or buoyed in such a way 
that they exert negligible Source 5 forces of tension 
on the submersible in its design condition. Some 
design trade-offs between unrestrained and re- 
strained submersibles are, respectively, a much 
greater operating radius and freedom of movement 
without danger of tether entanglement or breakage 
versus simplification of the design. increased endur- 
ance (if power and Me support are transmitted by 
tether), and improved "hard-wire" communications. 

Neutral-buoyancy submersibles are inherently 
more easily operated by on-board human control 
than by remote control. Consequently, this category 
is composed largely of "free-swimming." manned sub- 
mersibles, and incidentally, all naval submarines. 

Non-neutral-buoyancy submersibles--Figure 14 
shows the statically supported, non-neutral-buoy- 
ancy submersible being acted on by the total sub- 
merged weight Wand displacement A as well as by a 
Source 5 force such as cable tension or seafloor 
reaction forces (cable tension is shown in the figure). 
Equations (2) for the design condition become: 

X = Y = O  

Z= W-A*S=TFB*S=O 

NEUTRAL BUOYANCY SUBMERSIBLE 
A 
4 

W 
i 
Z 

I 

z 
i 

STATICALLY SUPPORTED, NON-NEUTRAL 
BUOYANCY SUBMERSIBLE 

S S 

Z z 

DYNAMICALLY (THRUST) SUPPORTED, 
NON-NEUTRAL BUOYANCY SUBMERSIBLE 

W/ 
Z 

i 
Z 

DYNAMICALLY (LIFI) SUPPORTED, 

Only z-Components of Forces Shown 
NON-NEUTRAL BUOYANCY SUBMERSIBLE 

W 
- ' Lz 4 Constant Velocity I 

+ 
L2 

Fig. 14 Hydromechanical categories of submersibles based 
on design conditions 

where S is the vertically directed resultant of the 
static Source 5 forces and FB is buoyancy. The flrst 
force equation (2 b) states that (1) the horizontal plane 
components of hydrostatic pressure balance and (2) 
the resultant of any S forces in this plane must be 
zero. The second force equation (2b) indicates an 
inequality in Wand A, leading to a non-zero value' 

'As noted, popular usage has led to labelling upward-directed 
buoyancy Fb as positive, causing the submersible to rise, despite the 
fact that 'upward" is in the negative direction as earth axes are 
customarlty oriented. Thus, to be consistent. positive buoyancy 
should be 4%. an anomaly which is confusing until the direction 
convention is understood. 
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of FB in the positive or negative sense. This non-zero 
value leads to the use of the term non-neutral buoy- 
ancy to identi@ the second major design condition of 
this category. The alternate force equation (2b) shows 
that the three-force system can be reduced to a 
two-force system composed of FB and S, the design 
condition requiring that S be equal and opposite to 
FB. The moment equations (2b) indicate that FB and 
S are collinear forces for the resultant moments 
about all axes to be zero. Again, the design condition 
dictates that the common line of action be normal to 
the submersible's x-y plane for zero trim/list. In 
summary, then, the basic force system consists of 
two equal and opposite. couinear forces ofFB and S. 
whose lineofaction is normal to the submersible'sx-y 
plane. The latter part of this statement, together with 
stability requirements, fx the locations of the cen- 
ters of gravity and displacement and the point of S 
force application relative to each other. As will be seen, 
stability considerations for this and the neutral-buoy- 
ancy submersibles differ significantly. 

Submersibles of this category may be used for 
missions requiring high payload capacity, 'unlim- 
ited" power, and good communications, while need- 
ing minimal three-dimensional mobility. Vehicles of 
this category are restrained by tethers, which con- 
nect them with other Z systems and which exert S 
forces on them, such as cables' or pipe-strings: 
which are capable of lowering and raising submers- 
ibles and their payloads. Diving bells, rescue cham- 
bers, cages, or 'garages" for other vehicles and heavy- 
lift vehicles are examples of manned and unmanned 
submersibles statically supported by tension/forces. 
Seafloor crawlers, such as trenchers and earthmov- 
ers, are examples of these vehicles statically sup- 
ported by seaflwr reaction S forces. 

Principles involved in the design of dynamically 
(thrust) supported, non-neutral-buoyancy submers- 
ibles are similar to those for statically supported, 
non-neutral-buoyancy submersibles except that 
support is provided by hydrodynamic, thrust forces 
T instead of static S forces. Figure 14 shows this 
category being acted on by the total submerged 
weight W and displacement A as well as by this T 
force. Equations (2) for the design condition become 

x= Y= 0 

Z=W-A+T=O or -FB+T=O 

K = M = N = O  (2c) 

*Cables used for lowering/raising submersibles must have 
strength elements built into them capable of handling the static 
loads FEJP~US dynamicloads due to changes in motion. Asfnglecable. 
or bundle of cables, may also furnish other services such as trans- 
mitting power and breathing gases and providing for "hard-wire- 
communications. The cost and difficulty of handling cables in- 
dramatically as the numbers of services provided axe increased. 

sAprocedure resembling oil/gas drilling, except for pipe rotation. 
~owers/raises submersibles by connecting/disconnecting lengths of 
pipe with the vehicle being attached to the initial l e d .  The overall 
k m b l y  of pipe lengths called a "pipe-string.' - 
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where T, more specifically, is the resultant of verti- 
cally downward-directed thrust forces produced by 
one or more of the vehicle's thrusters. The first force 
equation (24 again notes that the horizontal plane 
components of hydrostatic pressure and thrust 
forces must be zero for this condition. The second 
force equation (24 indicates an inequality in Wand 
A, again leading to a non-zero value of FB or a 
non-neutral-buoyancy condition. In this instance, A 
is always greater than W. producing an upward FB, 
which must be balanced by the downward-directed 
T force. This situation invokes the 'fail-safe" design 
philosophy wherein positive FB will cause the sub- 
mersible to surface in the event of power failure or 
thruster malfunction. The alternate force equation 
(2c) again shows that the three-force system can be 
reduced to a two-force system composed of FB and T, 
the design condition requiring that FB and T be 
equal and opposite forces. The moment equation (2c) 
indicates that these forces are collnear forces and 
that, for zero trim/list, their common line of action 
must be normal to the submersible's x-y plane. In 
summary, the basic force system conskts of two 
equal and opposite, collinear forces of FB and T, 
whose line of action is normal to the vehicle's x-y 
plane. As before, the later part of this statement, 
together with stability requirements, flx the relative 
locations of the centers of gravity and displacement 
as well as those of the thrusters producing T. 

Thrust-supported submersibles may be either 
restrained or unrestrained, with advantages and 
disadvantages paralleling those noted for neutral- 
buoyancy vehicles of these types. Restrained, thrust- 
supported vehicles have tethers which are assumed 
to be light or buoyed in such a manner so as to 
produce no S forces in the design condition. They are, 
in general, more easily controlled from remote sta- 
tions than neutral-buoyancy submersibles because 
control is greatly facilitated by 'hard-wire" commu- 
nications via the tether. Thus, unmanned, tethered 
submersibles, which are generally called remote- 
operated or -controlled vehicles (ROV or RCV) , make 
up the vast majority of this category. 

The unrestrained thrust-supported category in- 
cludes the latest development in underwater vehi- 
cle systems-unmanned, untethered submers- 
ibles. Severing the tether has made remote control 
much less feasible because of difficulties with 
through-water communications. Consequently, it is 
necessary to place a high degree of 'self-control" on 
board exercised through sophisticated microproces- 
sors/computers, sensors and associated sohare.  
These vehicles hold great promise for the future 
because the elimination of both man and tether gives 
them the potential for use in advanced ocean engi- 
neering and scientific systems. 

A particular attribute of this category is the ability 
of these vehicles to maintain precise altitude control 
in near-bottom movement and to avoid creating 'silt 
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clouds" by using downward-directed T created by 
upward-directed water particles through the thrust- 
ers. In this regard, neutral-buoyancy submersibles 
often depart from the design condition to one of 
positive buoyancy using T forces to maintain Ane 
altitude control. 

Dynamically (lift) supported, non-neutral-buoyancy 
submersibles are the only ones for which the design 
condition is based on dynamic. rather than static, 
equilibrium (Fig. 14). one of 'level flight" with 
straight-he, constant-speed motion. This motion, of 
course, is necessary to generate dynamic lift L forces 
created by waterflow over Bxed Ans, movable control 
surfaces, or the submersible's body itself. This cate- 
gory also contains both unrestrained and restrained 
types, that is, self-propelled and towed vehicles. Both 
types are acted on by the total submerged weight 
W and displacement A, the horizontal plane com- 
ponents of pressure p. resistance R, lift L, and 
lift-associated drag D. Additionally, self-propelled 
and towed vehicles are acted on by thrust T and 
towing-cable tension t, respectively. For simplicity, 
Fig. 14 shows only the z-axis-directed forces acting 
as they are sufficient to convey the concept of lift- 
supported vehicles as a hydromechanical category. 
Eguations (2) for the design condition of this category 
become 

x= Y= 0 

z= w-A f & T Dz - tz = TFB f & T Dz - & = 0 

i(= M = N =  0 (24 

where &, Dz, and tz are the z-direction components 
of L, D. and t in the case of towed vehicles. Once 
again, the first equation (24 indicates that the sum 
of the horizontal components of all forces acting on 
the vehicle must be zero for dynamic equilibrium. 
The second equation (24 indicates an inequality in 
Wand A, resulting in a 9 ~ .  which must be balanced 
by the z-components of the forces indicated. The 
design condition also dictates that the list be zero, 
but, unlike the other categories, here the trim may 
or may not be zero, depending on whether or not 
inchation of the vehicle itself is used to create lift. 
Thus, this category's basic force system is coplanar 
with reference to the submersble's x-z plane: the x- 
and z-direction resultants of foxes acting are zero, 
with individual forces being located so as to provide 
the desired zero OT non-zero Mm at specijied fonuard 
speeds. 

Submersibles of this category are unmanned" 
because they are, for the most part, towed vehicles 
with performance requirements specifying level- 
flight at specified depths over large areas of the 
seafloor. Practically all of these vehicles possess pos- 

'%I some early submarines (circa 1898) designed on the positive, 
rather than neutral, buoyancy philosophy, dawtIwardaieccted lift was 
created by planes -ired to keep them submerged at ordered depths. 

itive -FB when they are held at the desired depths by 
downward-directed iL developed at specific towing 
speeds, surfacing of their own accord when the tow- 
ing speed approaches zero. Examples include a wide 
variety of towed sensor platforms often called Jsh A 
prime example of the self-propelled vehicle in this 
category is a torpedo, which is designed with negative 
buoyancy +FB to cause it to sink at  the end of its run. 
with speed and lift -L reduced to zero, if it fails to 
strike its target or other object. 

Category cornbinations-Submersible systems 
are sometimes composed of two vehicles of different 
design-condition types. A major reason for using 
these systems is to partially or totally overcome 
problems associated with heavy-tethered, un- 
manned submersibles, problems such as cable drag, 
restricted maneuverability, and, in some instances, 
transference of the support ship's motion to the 
submersible. An example of such a combination is a 
statically supported vehicle, suspended from the sur- 
face by a heavy cable, which serves as a 'garage" for 
a smaller neutrally buoyant or thrust-supported ve- 
hicle radiating from it on a light tether. In another 
example, a towed lift-supported vehicle, usually 
called a depressor, serves as the 'garage" for the 
smaller vehicle radiating from it on a light tether. A 
Anal example involves remote launching/retrieval of 
manned, neutral-buoyancy submersibles by un- 
manned, statically supported vehicles, the latter 
being lowered/raised by motion-compensated tether 
systems attaching it to the surface support ship. 
This system, as noted, permits these critical oper- 
ations to take place at  depths at which surface- 
wave action is negligible. 

2.3.2 Speed Catqories 

Speed provides another way of hydromechanically 
categorizing submersibles since the performance re- 
quirements for both forward, x-direction speeds and 
vertical, %-direction speeds have major impacts on 
the hydromechanical aspects of design. These speed 
categories may be outlined, quite simply, as 

1. Forward speed 
a. low 
b. high 

a. low 
b. high 

2. Verticalspeed 

However, it is not as simple to state precisely at what 
speeds transitions occur. Actually, there is a range of 
intermediate speeds in which the impact of speed on 
design must be weighedvery carefully. Perhaps the best 
criterion for distin@shing between the low- and high- 
speed ranges is based on the fact that the magnitudm 
of Ilft Land drag D or resistance R are fhnctions of the 
square of the speed. Consequently, low- and high- 
speed ranges may be considered, respectively, as those 
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in which these Source 4 forces/moments have minor 
and major impacts on design. 

Forward speed-The great majority of submers- 
ibles from all design condition groups, except the lift- 
supported vehicles, also belong in the lowlfonuard- 
speed category. their maximum speeds being but a 
few knots. There are many and diverse reasons for 
this fact, including on-board energy limitations, 
speed limitations imposed by sensor capabilities, 
and navigational difficulties encountered at  higher 
speeds. Consequently, most mission tasks are lim- 
ited to 'point" locations and relatively small areas. 

Some major design considerations include geom- 
etry, envelope, appendages, and maneuvering sys- 
tems. Since Source 4 forces/moments have minor 
impact, the geometry (shape and dimensions) is not 
required to be streamlined and the envelope may be 
either open-framed or enclosed. The latter, in this 
instance, provides a fairing surface to reduce possi- 
bilities of entanglement and to protect internal sys- 
tems. Appendages, such as manipulators, sensors, 
and lights, may extend beyond the envelope without 
great concern for hydrodynamic considerations. Ma- 
neuvering systems must employ thrust rather than 
lift-producing devices. 

There are some submersibles in the design-condi- 
tion groups and of the unrestrained, or untethered, 
type which may also be placed at  least in the lower 
part of the hfilh-Jorward-speed category, with speeds 
exceeding three or so knots. Use of these vehicles 
may be expected to increase as previously noted 
limitations and difficulties are eased, thus enabling 
these submersibles to undertake mission tasks travel- 
ling long distances or across large areas of the seafloor. 

Design considerations previously noted for low- 
speed submersibles are now influenced by the in- 
creasingly strong impact of Source 4 forces/mo- 
ments as the speed requirement increases. The 
vehicle's geometry should begin to approach the 
streamlined form, and an enclosed envelope should 
be used. Great care should be given to appendage 
design and location, with provisions made for retract- 
ing these into the envelope where possible. Maneu- 
vering systems must employ lift-producing devices. 
Thrust-producing devices should be included only if 
the submersible is expected to do low-speed maneu- 
vering. In addition, as indicated, motion stability 
must be considered. 

Vertical speeds--Vertical speed requirements, in 
general, are related to the maximum operating depth 
requirements. The need for higher vertical speeds 
increases with an increase in depth to reduce the 
necessary but unproductive transit time between 
surface and seafloor. These speeds are functions of 
descent/ascent paths and forces involved. Four 
paths may be followed: vertical with the x-axis re- 
maining more or less horizontal, inclined with the 

x-axis inclined at some angle with the horizontal; 
inclined descent and vertical ascent; and spiral de- 
scent/ascent paths. Motions along these paths are 
caused using thrust, lift, descent/ascent weights, or 
combinations of these forces. 

The hydromechanical category of low-vertical- 
speed submersibles is associated, in general, with 
the shallower mourn operating depth submers- 
ibles although many current vehicles with low verti- 
cal speeds go much deeper. Applying the criterion, 
then. this category has speeds in the direction of the 
descent/ascent path limited to one or two knots. A 
streamlined geometry in the direction of motion is 
not particularly important and relatively small moti- 
vating forces are involved. Numerous shallow and 
even deep-diving submersibles are in this category. 

The high-verticd-speed category is associated with 
mid to great maximum operating depth submers- 
ibles. Ideally, these vehicles should have descent/as- 
cent path velocities well in excess of two knots, with 
Source 4 forces/moments becoming significant. 
Consequently, streamlining the vehicle in the direc- 
tion of motion becomes an important consideration, 
together with providing relatively large motivating 
forces. Some unmanned submersible designs, in both 
the high-forward and -vertical speed categories, orient 
the x-axis vertically for descent/ascent operations. 

2.3.3 Maneuvering Categories 

Maneuvering capabilities, as set forth in perfor- 
mance requirements, also have a major impact on 
the hydromechanical aspects of design and, hence, 
provide a third way of categorizing submersibles. In 
general, maneuvering may be defined as the con- 
trolled change or retention of a body's position or 
direction of motion and its speed in that direction. 
Thus, maneuvering categories can be identified in the 
following terms: 

1. Position-changing 
2. Position-keeping 
3. Path-changing 
4. Path-keeping 

6. Speed-keeping 
5. Speed-chmging 

If the body is a submersible, speed-changing capa- 
bilities, involving acceleration/deceleration rates, 
are usually not specified in its performance require- 
ments, while speed-keeping capabilities are ad- 
dressed in speed-power rather than maneuvering 
investigations per se. Consequently, only the first 
four categories will be considered. 

Position-changing-Performance requirements for 
this category of submersible emphasize the need to 
change the vehicle's spatial orientation at zero or very 
low forward speeds, for example to trim, list, or move 
sidewise (sway) to facilitate accomplishing under- 
water tasks. These requirements may be stated in 
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terms of the aforementioned degrees of freedom, or 
the degrees of controlled movement along or about 
the ny.2 axes. The many submersibles of this cate- 
gory usually have four to six degrees of freedom. 

Design considerations for this category focus on 
characteristics enabling the submersible to attain a 
new position, or orientation, easily and rapidly. 
Briefly, these considerations alone tend to favor the 
use of relatively short vehicles with open-frame en- 
velopes having low, but safe, metacentric stability 
and adequate means of achieving the desired 
changes by use of static or dynamic forces/moments 
or both. Dynamic forces/moments, as noted for zero 
and very low speeds, must be produced by thrusting 
devices, which are located and oriented so as to 
produce maximum control moments while minimiz- 
ing or eliminating cross-coupling effects in which 
undesired motions are created in the process of 
generating the desired motions. 

Position-keep-Performance requirements for 
this category of submersible stress the need to main- 
tain specifled spatial orientations, usually in the 
horizontal plane, at  zero and very low forward speeds 
and in the presence of external forces/moments such 
as those of current fields and reactive torques. These 
requirements are imposed for the purpose of provid- 
ing a stable plafform for mission tasks needing pre- 
cise orientation in space. This category may also pos- 
sess four to six degrees of M o m ,  in this case, to 
provide control forces/moments resisting the efforts 
of external forces moments to alter the vehicle's 
position. 

Design considerations of this category are con- 
cerned with characteristics enabling the submersible 
to be held in position with relative ease. They are 
similar to those of 'position changing" submers- 
ibles except that as high a metacentric stability as 
possible is desirable to resist inclinations about 
the x- and y-axes. 

Path-changhg-Performance requirements for 
this category of submersible concern the need for 
expeditiously altering the vehicle's path and often 
stipulate -maneuvering dimensions," for example the 
diameters of turning circles. These requirements are 
usually associated with submersibles having military 
missions, including naval submarines, but may also 
apply to those having nonmilitary missions. 
Design considerations for this category focus on 

characteristics enabling the submersible to achieve a 
new path easily and rapidly and are those associated 
with controls-fixed, stmight-line motion stability. They 
relate to the vehicle's bare-hull size and geometq, the 
geometries and locations of all appendages and meta- 
centric stability, and they affect path-changing ability 
through their effects on hydrodynamic derivatives of 
the equations of motion. A discussion of these design 
charactexistics requires f d a r i t y  with these deriva- 

tives and the equations of motion, which are pre- 
sented in Section 4 of this chapter. 

Path-keeping-Performance requirements for this 
category of submersible emphasize the need for the 
vehicle to maintain its path of motion in performing 
its underwater mission. Such missions, for example. 
might involve surveying large areas of the sea-floor, 
using straight-line grid patterns. or the *pork- 
tion of items over relatively long distances. 

Design considerations for this category concern 
characteristics allowing the submersible to maintain 
a specified path with ease and with minimum course 
error. These are the characteristics also associated 
with controls-fixed, straight-line stability in the hor- 
izontal plane and controls-bed, directional stability 
in the vertical plane. Comments regarding the char- 
acteristics of path-changing submersibles also apply 
here. One descriptive differentiation between path- 
changing and path-keeping vehicles may be made at 
this point. Both vehicles may be likened to arrows, 
with the path-keeping arrow having more 'tail feath- 
ers" to increase its motion stability. Consequently, 
path-keeping submersibles have fixed-Ih or 'dead- 
wood" areas or both at the stern, whereas path- 
changing submersibles do not have these surfaces. 
In addition, metacentric stability should be larger for 
path-keeping than for path-changing submersibles. 

2.4 Operating Conditions 

The design condition has been singled out as the 
speciflc operating condition which is the bndamen- 
tal condition from the design perspective and which 
provides one means of identifying hydromechanical 
categories of submersibles. However, it was noted 
that it is but one of several static and dynamic 
conditions the submersible must achieve in success- 
fully performing mission tasks. A complete listing of 
these conditions, excluding launch/recovery opera- 
tions, forms a dtw pmm. This profile is outlined for 
a neutral-buoyancy, unrestrained submersible and 
many elements of it are also applicable to other 
design condition categories: 

1. Surface, normal diving trim: ready to dive in 

2. Transition, diving: through air/water inter- 

3. Submerged 

all respects: a static condition 

face on diving; a dynamic condition 

a. Descent: a dynamic condition 
b. Design condition: a static condition 
c. Non-design conditions: static and dynamic 

d. Ascent: a dynamic condition 
conditions 

(1) Normak by use of regular control 
systems 

''Lars submarine tankers have been destgned to transport oil 
long distances under arctic ice and in open water. 
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Pilot 
Autopilot 

(2) Emergency: by use of emergency 

4. Transition. surfacing: through &/water 

5. Surface, post-dive: a static condition 

control systems 

interface on surfacing; a dynamic condition 

Actual Response 
to Command 

3 Submersible 4 Command Actuator 
Transfer System 

I - 

2.5 Control Systems 

Control systems must be incorporated into the 
designs of submersibles enabling them to change 
safely and effectively from one operating condition to 
another or to retain a particular operating condition 
in the presence of forces/moments attempting to 
change it. 

One way of viewing an overall control system is 
shown in Flg. 15, its major components being briefly 
outlined below: 

1. Pilot (operator)/autopilot gives control com- 
mands (by pulling a toggle switch, pushing a button, 
etc.) to the command transfer component of the 
system and also enters desired response of submers- 
ible into display-response comparison component. 

2. Command transfer component transfers the 
commands mechanically, electrically, hydraulically, 
or pneumatically to the actuator. 
3. Actuator component, such as thruster units, 

movable control surfaces, and variable ballast 
pumps, puts the commands into action, generating 
control forces/moments causing the submersible 
to respond in a certain manner (to descend, trim, 
yaw, etc.) 

4. Display-response comparisons component 
compares information received on the actual re- 
sponse with the desired response and provides re- 

\ 
Display 

Actuator Actuator Info. 

Display 
Info. 4 

sponse error feed-back to the pilot/autopilot for cor- 
rective action. I t  also displays actuator information 
such as rudder and plane angles, propeller rpm, etc. 

Control systems may be divided into static and 
dynamic systems from the perspective of hydro- 
mechanics. Examples of static control systems, 
which employ static forces/moments of weight and 
displacement in performing their functions, are main 
ballast water, variable displacement, and trim and 
list weights. Dynamic control systems, on the other 
hand, use hydrodynamic forces/moments of thrust 
and lift in accomplishing their functions, thrust 
being generated by the main propulsion and maneu- 
vering systems' thrusters while lift is created by the 
latter system's movable control surfaces. With refer- 
ence to the n y  body axes and the % earth axis, static 
control systems are effective in three degrees of 
freedom, causing or resisting rotation about the x- 
axis (list) and y-axis (trim) and translation in the f q  
direction (descent/ascent). Dynamic systems, how- 
ever, are effective in all six degrees of freedom, caus- 
ing or resisting rotation about and translation along 
the three body axes. The number of degrees of free- 
dom incorporated into a submersible's design is 
dependent upon the mission's maneuvering require- 
ments. 

Static and dynamic control systems include the 
following individual systems. It must be emphasized 
that submersible designs may employ all, some, or 
combinations of these systems in a great variety of 
approaches to meeting the mission's maneuvering 
requirements. 

1. Static control systems 
a. Variable ballast system 

Display 

Actuator Actuator Info. 

Display 
Info. 4 

External 
Forces/Mom. n Control 

ForceslMom. 

Fig. 15 Overall control system 
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Chapter VI 
Structural Principles 
R. J. McGrattan and G. A. Peteros 

1. Overview 

TRUCTURAL DESIGN must be considered early in 
a submersible vehicle development program S soon after general mission characteristics have 

been outlined, such as operating depth, speed, man- 
ning, endurance, and payload. Size is obviously the 
predominant consideration in hull design, and is 
influenced by these variables. The structural design 
of the hull may be considered in two broad divisions: 
the pressure hull and the exostructure. the latter 
commonly called the nonpressure hull or outer hull. 
The design process generally differs for these be- 
cause of their differing functions and design loads. 
but, of course, there is an interrelationship, and the 
design of each influences the other, the pressure hull 
being paramount. Various failure criteria including 
yielding, instability, fatigue, fracture, creep, and cor- 
rosion greatly affect the structural design. 

Pressure hulls usually are fabricated fiom steel, 
but other metals (aluminum and titanium) and non- 
metals, including glasses, acrylics, glass-reinforced 
plastics (GRP), and fiber-reinforced plastics (FRP) 
also have been used. Hydrodynamic form, internal 
and external arrangements, material availabiuty, 
costs, and ease of fabrication play important roles in 
pressure hull design. The operating depth is a major 
factor since the structural weight is a relatively large 
percentage of the total displaced weight of deep- 
diving vehicles. For relatively shallow depths (com- 
monly considered to be less than 610 m (2000 ft), 
and generally coinciding with the accepted norm for 
continental shelves), pressure hull weight is of lesser 
concern. Various pressure vessel configurations 
have been designed and built for submersibles, the 
predominant ones being stiffened cylinders with 
hemispherical heads and single spheres. Other 
shapes have been built, including multiple intersect- 
ing spheres and oblate spheroids. The common basis 
for evaluating the structural efficiencies of the vari- 
ous hulls is the buoyancy factor, deked  as the hull 

weight to displaced water weight ratio. Buoyancy 
ratios for various hull designs can be found in many 
texts and reports 11.21. 

The single unstiffened sphere fkquently has been 
used for deep operating, small submersibles because 
of its attractively low buoyancy factor. For an ideal 
sphere with no stiffeners or reinforcements the buoy- 
ancy factor is 

where 
ps. pw = densities of the shell and water, 

p = hydrostatic pressure, and 
respectively, 

q- = maximum stress in an ideal sphere. 
By comparison, the buoyancy factor for an ideal 
cylinder with no stiffeners or reinforcements is 

Thus, in the ideal case, the single sphere has a 33 
percent advantage in structural efficiency. The 
weight advantage of the single sphere is even greater 
when compared with a cylinder with stiffeners and 
reinforcements. However, when total weights are 
compared, considering hydrodynamic form and in- 
ternal and external arrangements, the net weight 
advantage of the single-sphere vessel declines. An- 
other advantage of the single sphere is that it allows 
for a fairly short and acceptably light vehicle that can 
be handled by a single shipboard crane on a tender. 
Thus, many of the shallower depth submersibles are 
of single-sphere design, with a crew of just two or 
three. Stiffened spheres have been studied, but they 
afford no appreciable structural cost savings or prac- 
tical advantages. However, multiple intersecting 
spheres stiffened at their intersections have very 
attractive features. The buoyancy factor is low, the 
shape is more attractive than a single sphere for 
hydrodynamic fairing. and the internal and external 
arrangements are more favorable. Structural details 
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of this concept will be covered in this chapter, since 
multiple spheres are becoming more popular. 

The stiffened cylinder generally permits superior 
hydrodynamic form, better internal arrangements, 
lighter exostructures, and lower fabrication costs. I t  
is also less affected by initial geometric imperfections 
than shells with compound radii of curvature. The 
ring-stiffened cylinder is used less frequently for 
deeper operating depths, because of its less favorable 
buoyancy factor. However, there are situations when 
material selection and fabrication techniques can 
justify the use of ring-stiffened cylinders down to 
6100 m (20 000 ft). 

Other pressure hull shapes have been used, but 
for various reasons these are not as efficient as 
stiffened cylinders, spheres, and multiple spheres. 
Conical shapes have been used as transition struc- 
tures between cylinders and hemispherical, elliptical, 
or flat end closures, but this leads to inefficient 
weight because of high tmsition stresses. Oblate 
spheroids, the so-called diving saucers used primar- 
ily for observation, are not structurally efficient, but 
are suitable for shallow depths. Relative to a sphere, 
this shape improves hydrodynamic performance in 
the horizontal plane. Prolate spheroids have attrac- 
tive buoyancy factors and hydrodynamic form, but 
are difficult to fabricate. Penetrations, except at the 
poles, are especially costly and difficult to fabricate. 

Penetrations are a major design consideration. 
There are local stress variations around the penetra- 
tions that affect the design depth limitations. as well 
as the cyclic life of the pressure vessel. Small pene- 
trations affect only local stresses, but large penetra- 
tions could affect the design collapse depth. An 
efficient penetration design cannot be achieved sim- 
ply by compensating for the shell material removed, 
as is the case for penetrations in less efficient pres- 
sure vessels. Detailed design and analysis tech- 
niques must be used to achieve a balanced design (if 
possible), avoiding both over-reinforcement and 
under-reinforcement. 

For deep-depth submersibles, major penetrations 
are limited to access hatches, electrical connections, 
and viewports. Hydraulic penetrations, stuffhg 
tubes. and shafts normally are avoided in order to 
minimize any possibility of leaking. 

Access hatches can be categorized as being either 
of the seat type or plug type. The seat type of hatch 
normally is used in relatively shallow depth sub- 
mersibles, since it is more easily fabricated and costs 
less; however, it is somewhat heavier than a plug 
hatch. The plug hatch generally is used for deep- 
diving submersibles so as to save weight. It is used 
normally in shells of uniform in-plane stresses, such 
as spheres, since the stiffening ring around the hatch 
in a sphere is of uniform thickness. The plug hatch 
supports the shell's in-plane loading. The reinforce- 
ment ring weight for this type of hatch is appreciably 
less than for the reinforcement of a seat hatch. 

Viewports for submersibles are mostly of three 
designs: flat plates, conical frustums, and spherical 
domes. The flat plate designs are the least costly, 
but are restricted to shallow depths. Spherical domes 
offer the widest view, but also are normally re- 
stricted to shallow depths because of their relatively 
low strength. For deep depths, conical frustums 
made of acrylic plastics are normally used because 
of their strength. 

Electrical penetrators must have a watertight 
juncture at the hull. They are normally of a double 
seal design, so that if a leak occurs in the outboard 
cabling or one of the seals fail, no water can penetrate 
the pressure hull boundary. If the outboard cable 
fails, the penetrator itselfdoes not have to be repaired 
or replaced, and the hull is not affected. 

The pressure hull, because of its thick scantlings, 
high-performance material, and tight fabrication 
tolerances. is relatively costly and constitutes a large 
part of the total vehicle weight. Large pressure- 
resistant structures become especially impractical 
for deep-diving submarine craft. For these reasons, 
the pressure hull size is minimized. sufficient only to 
accommodate personnel, any mission equipment 
that must be inside, system controls, and perhaps 
certain emergency life support equipment. All other 
components and subsystems are placed outside the 
pressure hull and, for the most part, within the 
supportive and protective confines of an exostruc- 
ture. The exostructure normally forms the entire 
external boundary of the vehicle, with the pressure 
hull enclosed and supported within that structure. 
Less commonly, the pressure hull forms the vehicle's 
external boundary for some part of the length with 
the nonpressure hull attached as bow or stem ap- 
pendages or both. The purposes of an exostructure 
are fivefold to provide a faired hydrodynamic form 
for the vehicle: to minimize potential entanglement 
with underwater objects: to serve as integral support 
for the pressure hull and various systems and com- 
ponents: in some cases, to hold main ballast water 
or other ballasting liquid or solids: and, in some 
cases, to provide extra freeboard and a weather deck. 

Exostructure design evolves from efforts that 
begin with the establishment of mission require- 
ments and constraints, evaluation of system require- 
ments, and development of pressure hull form and 
size. The equipment and components of the various 
vehicle systems (for example, propulsion motor, bat- 
teries, stability tanks, oceanographic equipment) are 
then arranged in such a manner as to distribute 
vehicle weight properly for surfaced and submerged 
stability and, of course, to fulfill functional require- 
ments. Once the various system component loca- 
tions and spatial requirements are established, the 
exostructure envelope begins to take form. The full 
diameter of the exostructure usually is determined 
by the diameter of the pressure hull, and the depth 
of structure required to support it. The exostructure 
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length derives from arrangement and hydrostatic 
considerations, and from other constraints such as 
transport limitations. An enveloping faired surface is 
then developed with sufficient internal space allowed 
for support structure, external systems and equip- 
ment, construction access, and maintenance. Other 
considerations also can influence the size and shape 
of the exostructure. It might be desired, for instance, 
that the exostructure provide appreciable reserve 
buoyancy for enhanced safety when the submersible 
is surfaced in rough water. 

Hull forms for submersibles have varied widely, 
primarily because speeds are so slow that form has 
little effect on drag, and hence other considerations 
govern. Vehicle form generally can be apprordmated 
by either a cylinder or series of shallow-angle trun- 
cated cones. These shapes have certain advantages 
over more complicated ones: they are efficient struc- 
tural forms which can withstand the wide range of 
loading conditions encountered by a submersible vehi- 
cle: the axisymmetric form facilitates the arrange- 
ment, attachment, and servicing of enclosed compo- 
nents and equipments: adequate hydrodynamic and 
power/speed characteristics are readily achievable: 
and lastly, such axisymmetric structures in general 
require less material, are relatively easy to construct, 
and therefore are usually economically advantageous. 

Achieving a least-cost structure is more difficult 
and complex than achieving a least-weight structure 
since this process introduces factors that vary from 
time to time and place to place. It should be recog- 
nized that the term "minimum cost structure" will 
often be interpreted differently depending on whose 
costs are involved. To the builder, it usually means 
structures that can be fabricated and installed at 
lowest cost, and that can mean different designs for 
different builders. To the design agent it may mean 
the same thing, but it also may mean structures that 
can be designed, analyzed, and have drawings pro- 
duced for the least engineering and drafting costs. 
The owner/operator might prefer a third interpreta- 
tion involving service life ownership and operating 
costs, which are not necessarily the same as least 
design and acquisition costs. 

It is highly improbable that each of these objec- 
tives can be optimized collectively: consequently, 
development of a feasible structural system invari- 
ably will be based on compromises and tradeoffs of 
certain design features. For instance, structural de- 
signs optimized for minimal weight rarely lend them- 
selves to such requirements as ease of fabrication 
and repair, accessibility, arrangements, or lowest 
cost. In some structural elements, stiffness is the 
critical factor that determines the thickness or ma- 
terial selected, and a high strength-to-density ratio 
becomes less important. 

Despite the importance of minimum structural 
weight (which translates into maximum payload for 
a given displacement and form), the influence of cost 

and schedule constraints on the design are consid- 
erable and, in fact, cannot be overstated. The de- 
mands of tight design and construction schedules, 
with the attendant lead times and associated pro- 
curement costs for special materials and material 
shapes in small quantities, serve to drive the design 
to a simpler, lower-cost form, and militate against 
any lengthy investigative pursuit of the "optimum" 
structure. For these reasons, what may be called the 
traditional design process frequently is followed, in 
which alternate structural configuxations in con- 
junction with various alternate materials are exam- 
ined, basically using trial and error procedures, and 
comparatively evaluated. Stated differently, the pro- 
cess consists of three distinct steps: enumerate op- 
tions, assess each, and finally, select the best. This 
process has the semblance of being somewhat "non- 
systematic," but when applied by experienced de- 
signers, it actually embodies many higher order 
selections and shortcuts by which means effective 
designs can be achieved economically. This tradi- 
tional design method is well suited to the purpose 
and intent of this chapter, namely, to show the steps 
by which a submarine hull structure is designed, to 
list the many requirements that must be met, and to 
prwide guidance and fundamental technical data that 
will be usell to those engaged in submersible design. 

2. Pressure Hull Design 

Pressure hulls for submersibles are stiffened, re- 
inforced (around penetrations), or both. Thus, shell 
theory, considering normal forces, bending mo- 
ments. and shearing forces, is required for their 
design. If the pressure hull is considered as a thin 
shell having a thickness-to-radius ratio t/R of less 
than 0.05, then the buoyancy factor B can be approx- 
imated simply from 

where 
Ah = outer surface area of the pressure hull 

shell. 
t = shell thickness, 

vh = volume of the pressure hull shell, 
po pw = densities of the pressure hull shell and 

W, = weight of stiffeners and reinforcements. 
water, respectively, and 

In all cases, the actual buoyancy factor will be less 
than this approximate buoyancy factor [equation (311. 
Once the form has been selected, the area Ah and 
volume Vh are known. When the material has been 
selected, the material density p, is known. This leaves 
only the shell thickness t and the weight of the 
stiffeners and reinforcements W, as variables affect- 
ing the buoyancy factor. The shell thickness will be 
a function of hull radius, the stress at the design 
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operating depth, and imperfections such as out-of- 
roundness or imperfect sphericity. The weight of 
stiffeners and reinforcements W, will be a function 
of the collapse mode, fiequently elastic yielding ver- 
sus instability failure, and the number and weight of 
the penetrations. 

For shells with a thickness-to-radius ratio t/R 
between 0.05 and 0.10. thick shell theory is required 
[3] for detailed analysis. However, to begin the design 
procedure, membrane theory, considering only the 
normal forces in the shell, can be used to approxi- 
mate the design thickness. That thickness is subse- 
quently adjusted to accommodate the required stif- 
feners and reinforcement. 

The basic equation of equilibrium for a constant 
thickness membrane of revolution subjected to hydro- 
static pressure in the radial direction [4] is 

(4) 

where 
Fe = circumferential force, 
F+ = meridionalforce, 

p = hydrostatic pressure. 
Re, 4 = circumferential and meridional radii, and 

For a sphere, Re = 4 = R so 

and 

where oe is the circumferential stress and o+ is the 
meridional stress. For a cylinder, % = 00 and = R 
thus 

R Fe=I>R and o e = F  

From equilibrium in the meridional (longitudinal) 
direction, 

PR 
F+=% and a+= 2t 

Axis of Revolution 

! 

c I I 
Fig. 1 Oblate spheroid 

For an oblate spheroid, which is an ellipsoid rotated 
around its minor axis (Fig. 1). the normal forces are 

b2 - (2 - b2)sin2 4, 
.\l$sin2 @ + b2cos2 4, 

F+- -2[ 
&2 

where a and b are equal to major and minor semiaxes, 
respectively, and (I is equal to meridional angle (Fig. 1). 

Solving the equation of equilibrium for the oblate 
spheroid requires solutions in the meridional as well 
as the circumferential directions (41. For the general 
problem, the third equilibrium equation (in the cir- 
cumferential direction) must be considered. 

An example of a two-to-one oblate spheroid is 
shown in Fig. 2. This geometry is not a good selection 
for a submersible pressure hull designed for any 
appreciable depth, since the peak stresses (o+ at 
4, = 90 deg and a t  @ = 0 deg and 90 deg) 
correspond to that of a cylinder with a radius equal 
to the major semiaxis of the oblate spheroid, and 
whose buoyancy factor B is twice that of an equiva- 
lent cylinder and 8/s that of an equivalent sphere. 
Moreover, considemtion of elastic and elastic-plastic 
instability characteristics eliminates this shape as a 
good design selection for deep depth. 

Membrane theory is valid only for the initial selec- 
tion of geometries and thicknesses. Stiffeners and 
reinforcements introduce bending and shearing 
stresses in addition to the normal stresses, thus 
requiring the use of shell theory. Design techniques 
using thin shell theory for stiffened cylinders, 
spheres, and multispheres are the most important 
for submersibles. 

2.1 Stiffened Cylindrical Shells 

Msymmetric ring-stiffened cylinders under ex- 
ternal hydrostatic pressure can have three principal 

01 * 1 

/ a =46" 

- /  I P  / Circumferential Meridional 
Stress I Stress 

-40 -30 -20 -10 0 10 20 30 40 
StresslPressure 

Fig. 2 Oblate spheroid-membrane stresses 
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ACCORDION 
PLEAT 

YIELDING 

Fig. 3 Model failure in axisymmetric collapse of shell 

modes of failure: &symmetric shell yielding, lobar 
buckling of the shell, and general instability failure. 

Axisymmetric shell yielding Wg. 3) is initiated by 
elastic yielding at the extreme fibers at both the outer 
surface of the shell midway between stiffeners and 
at the inner surface of the shell at  the stiffeners. This 
yielding leads to elastic-plastic collapse that is char- 
acterized by an accordion type of pleat extending 
around the periphery of the cylinder. This failure may 
occur in one or more spaces between stiffeners (kames). 

Shell, or lobar buckling (Fig. 4). is an elastic 
instability of the shell between stiffeners and is char- 
acterized by inward and outward lobes, which may 
or may not develop around the entire periphery of the 
cylinder. The failure may occur in one or more frame 
spaces. This mode of failure indicates that the frames 
have greater resistance to buckling than the shell 
between frames. 

General instability of the shell-and-stiffener com- 
bination (Fig. 5) can occur between structural bulk- 
heads or deep frames. The instability is caused by 
the elastic buckling of the frame-shell combination. 
It is also characterized by inward and outward lobes, 
but the lobes are fewer (usually just two or three) 
than the number of lobes in shell or lobar buckling. 
To select the shell thickness, frame size, and frame 

spacing, an iterative design process is used to ascer- 
tain the best design to resist the three failure modes 
described. Using the geometry and shell thickness 
derived from simple membrane theory, and knowing 
the material to be used, a refined thickness of shell 
t can be estimated by 

RING STIFFENERS 

BUCKLING 

Fig. 4 Model failure in shell buckling 

where 
pc = design collapse pressure, 
R = mean radius of the cylinder, 
oY = yield strength of the material, and 

= reduction factor for frame size and spacing. 
Equation (5) is a modification of the well-known 
'hoop stress" equation oy = @a)/t, in which circum- 
ferential yielding in an unstiffened cylinder is based 
on the Rankine principal stress failure theory. Frame 
reduction factors p1 usually range from 0.7 to 0.9. 
For the lower values of pl, the pressure hull is lighter 
but generally more costly. 

With an estimated thickness established, the 
frame spacing %for a relatively shallow-depth, stiff- 
ened cylinder can be estimated from 

R 5-= g 
For very deep depth hulls, for which elastic buckling 
is not a major factor, the frame spacing can be 
greater. The area of the frames can be estimated by 

The value of pz can range from 0.3 to 0.6. 
Most frames for stiffened cylinders are T-sections 

consisting of a web and a flange, the dimensions of 
which can be estimated in terms of cylinder radius 
and shell thickness. The depth of the frame should 
range from 5 to 10 percent of the cylinder radius. The 
aspect ratio, defined as the ratio of web depth to web 
thickness, should range kom 15 to 20. The flange 
width should be about three-quarters of the total 
frame depth, and the flange thickness should be 
about equal to the shell thickness. These values will 
vary for minimum weight at differing opemting depths. 

Three collapse pressures are calculated. For &- 
symmetric yielding Wg. 3) the collapse pressure py 
is estimated by [ll 

Af = B2Lft (7) 

t 

GENERAL 
INSTABILITY 

Fig. 5 Model failure in general instability 
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where 
bt 

Aj+ bt 
B=- 

b = width of the frame web 

sinh e + sin e 
For lobar buckling (Fig. 4). the collapse pressure Pb 
is estimated by [ 1 I 

For general instability (Fig. 5). the collapse pres- 
sure [l] is 

where 
ZR m =  - L' 

L = bulkhead or deep frame spacing, and 
I = moment of inertia for the frame-shell 

combination, using one frame spacing as 
the effective length of shell. 

The value of n is set by trial, with the critical value of n 
(usually 2,3, or 4) resulting in the lowest value of per. 

The design values for the factor of safety will 
usually vary for these three primary modes of failure. 
Normally, a lower factor of safety is applied for yield- 
ing failure than for instability failure, since yielding 
failure normally is less influenced by fabrication 
tolerances in stiffened cylinders. 

2.2 Unstiffened Spheres 

The unstiffened spherical shell has long been used 
for storing fluids and gases under pressure because 
it has the least weight per unit volume of any shape. 
Since similarly efficient weight-to-buoyancy ratios 
for spheres under external hydrostatic pressure are 
to be expected, numerous studies have been done to 
establish design theories that correlate with experi- 
mental results. The classical small deflection theory 

for elastic buckling of thin spherical shells was Arst 
developed by Zoelly in 1915 and published by 
Timoshenko in 1936 [5]. The collapse pressure pre- 
dicted by Zoelly is 

2E( ir  

Pe' 4 7  
3(1 -P ) 

pe = elastic buckling pressure, 
E = modulus of elasticity in compression, 
p = Poisson's ratio, 
t = shell thickness, and 

R = midsurface radius. 

where 

For a Poisson's ratio of 0.3, the classical equation 
reduces to 

pe= L21E(+) 

Results from model tests, however, have departed 
considerably from this equation, with collapse pres- 
sures as low as one-fourth of the classical prediction. 
Departures from sphericity and uniform shell thick- 
ness. as well as variations in material properties, 
were undoubtedly major contributors to these dis- 
crepancies. Subsequent tests of more accurately ma- 
chined models have indicated that the collapse pres- 
sure predicted by classical theory is approachable. 
These tests have demonstrated that even small dif- 
ferences from the ideal dimensions and material 
properties will cause the collapse pressure to fall to 
about 70 percent of the classical prediction for it. 

Based on many test results, the David Taylor 
Model Basin (now the David Taylor Naval Ship 
Research and Development Center) proposed [61 the 
following empirical equation for near-perfect elastic 
buckling of spheres: 

2 

pe= 0.84E - for p = 0.3 (1 1) (IiJ 
where & is the outer radius. 

Employing a plasticity factor, dESeJ3-/E, the 
following equation for inelastic (or elastic-plastic) 
buckling of a near-perfect sphere [6] is 

where &is the secant modulus in compression and 
& is the tangent modulus in compression. To 
account for local imperfections in the shell, Krenzke 
and Kiernan [6] extended the empirical equation by 
demonstrating that the collapse of a spherical shell 
can be calculated from the shell radius and thickness 
dimensions over a critical arc length 

L,= 2 . 4 2 m  for p = 0.3 (13) 

where 
L, = critical arc length, 
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CRITICAL ARC LENGTH 

Lc = 2 . 4 2 m  

Fig. 6 Departure from sphericity (A) 

1 .o 

0.8 

-e 0.6 
\ 

c! 
I1 * 0.4 

0.2 

R1 = local midsurface radius over the critical arc 

& = average thickness over the critical arc length. 
Figure 6 shows the relationship between critical 

arc length and out-of-sphericity A. The elastic buck- 
ling collapse pressure becomes 

length, and 

2 
pk = 0.84E[k- 

where Rb is the local outer radius over the critical 
arc length. The inelastic buckling collapse pressure 
becomes 

The average stress in the area of the critical arc 
length is 

For a machined, near-perfect sphere, a 10 percent 
increase in the radius Rb is a reasonable design 
value, corresponding to an out-of-sphericity of about 
7.4 percent of the shell thickness. 

The type of manufacturing process employed 
also affects the collapse pressure. Tests 171 have 
shown that the collapse pressure will be reduced 
by a manufacturing process factor k. For HY-80 
(yield strength of 80 000 psi) steel, the k factor is 
shown in Fsg. 7. 

For a spherical shell, an iterative procedure is 
used to obtain a design thickness that matches the 
design collapse pressure pc. Figure 8 shows the plot 

- 

- 

Lower envelope of test results 
of 18 senmented Spherical shells - 
of HY-86 steel tested in stress- 
relieved condition 

Lower envelope of test results of 18 
segmented welded spherical shells of 
HY-80 steel tested in fabricated condition 

\ 
QpL = proportional limit of material 

U 

0.5 1 .o 1.5 2.0 2.5 3.0 3.5 + QJGPL L 1.0 -+- PA Pi, -4 
Fig. 7 Summary of DTMB data on unstiffend spherical shells 
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Fig. 8 Collapse pressure for a titanium sphere 

of p; versus the pressure corresponding to the 
average stress a, over the critical arc length for a 
titanium sphere. As a first step, a thickness is ap- 
proximated from equation (1 6) by 

where ay is the yield stress and pc is the design 
collapse pressure. With this thickness as a refer- 
ence point, the true collapse pressures can be calcu- 
lated. using the actual stress-strain plot of the ma- 
terial to compute E, &, and &. The collapse 

pressure can be found from the intersection of the p; 
curve with the pe yield curve (see Fig. €3). These 
values will be reduced by the manufacturing process 
factor k, such as by the values shown in Fig. 7 for 

With this information, all the data for the basic 
spherical shell are known. That is. the nominal and 
local values of the radius and thickness are known, 
as well as the material properties. Calculations for 
reinforcements and stiffeners must follow. The only 
stiffener in single spheres normally is at the equator, 
where the two hemispheres are joined. 

HY-80 stel .  
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If- 

ai 

A-A (Typical Intersection-Integral Ring) 

This joint can be a shrink-fit, press- 
fit, bonded, or other type joint 

A-A (Optional Case of Composite Construction) 
n= Number of Stiffened Rings (6 shown above) 

Fig. 9 Multiple intersecting spheres 

2.3 Multiple Intersecting Spheres 

A logical derivative of the unstiffened single sphere 
design is the multiple intersecting spheres design. 
This configuration has the structural advantages of 
the single sphere and, with fairings between spheres, 
the hydrodynamic advantage of a cylinder having a 
suitable length-to-diameter ratio. It also has inter- 
nal arrangement advantages as compared to a 
single sphere. 

The multiple spheres concept involves a series of 
spheres which are reinforced at their intersections 
by reinforcing rings (see Fig. 9). These reinforcing 
rings can be made either of the same material as the 
spherical shell, or of a material that is stronger and 
that has a greater elastic modulus. The latter alter- 
native results in a considerably better buoyancy 
factor B, since the substantial weight of the rein- 
forcing ring is reduced. The annular area of the 
reinforcing ring is also smaller, thus allowing for a 
larger access path between spheres. Costs may be 
attractive too, since the rings are a small part of the 
total hull weight. 

The buoyancy factor for intersecting spheres is 181 

B= (17) 
~[TIWR + 4nR2tps(n COS a + I)] 

4n$pw[(n cos a)(l+ 1/2 sin2 a) + 13 
where 

n = numberofrings, 

a = angle of shell intersection. 
The component of the shell’s membrane displace- 

WR = ring weight, and 

ment normal to the d s  of revolution is 

where E, is Young’s modulus of the sphere and ps is 
Poisson’s ratio of the sphere. The deflection of the 
ring at  the intersection of the shell is 

where 
ER = Young’s modulus of the ring, 
pR = Poisson’s ratio of the ring, 
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b = width of the ring, and 
C = ratio of inner/outer radii of the ring (q/d. 

By setting the shell deflection equal to the ring 
deflection at their intersection, 

where K is the ratio of maximum stress to membrane 
stress in the shell. The stress in the ring at its inner 
radius is 

2pR cos a 
b ( l  - C') 

OR = 

If the maximum stress in the ring is K times the 
membrane stress in the shell, o = K(pR/2t), then 
the ring's width is 

4t cos a 
K(l  - C2) 

b= 

K( 1 + c2)  - K ~ R (  1 - c2)  = ~ E R (  1 - p.J 

C 2 ( K + K p d + K - K p ~ = 2 E ~ ( 1  -pLs) 

C2(1+ pR) = y ( 1 -  2 E R  pJ - (1 - pR) 

From equations (20) and (22). 

and 

For single material construction, the buoyancy fac- 
tor is 

] (25) 

and 

Therefore, for homogeneous material the maxi- 
mum value of K i s  2, which means that C = 0 and 
B = Stp,/Rp,, indicating the case of a solid ring 
reinforcement of width 

b = 2 t  cos 

The buoyancy factor is independent of the number of 
spheres, or the same as for a single sphere of equiv- 
alent characteristics. For the case of single material 
construction, and avalue of Kof 1 (ring stresses equal 
to membrane shell stresses), C = 0.73 for p, = 0.3. The 
angle a can be selected to provide suitable access 
from one compartment to another. 

For composite construction, considerable weight 
can be saved by using a ring having a high strength- 
to-weight ratio o , / ~ R  and a high specific stiffness 
ER/PR Most metals have a specific stiffness of about 
lo8 lb/in. Fiber-reinforced plastic (FRF'), glasses, 
and ceramics have higher values of both strength-to- 
weight ratios and specific stifhesses [8]. For example, 
a multiple sphere (n = 10) design for a titanium shell 
and ring results in a buoyancy factor B of 0.765. 

E, = 1 8  x lo6 lb/in.' 
ps = P R  = 0.16 l b / h 3  
a = 45deg 

R/t = 20 

For a similar titanium multiple sphere (n = 10) 
design having a ceramic (alumina) ring ps = P R  and 
K =  3, Bbecomes 0.609 for total weight savings of 
20.4 percent. Such weight savings are very important 
for a deep-diving submersible, because the effective 
payload is a very small percentage of the total dis- 
placed weight. Savings of 20 percent in the total 
displaced weight might increase the payload by a 
factor of five of more. 

Since composite ring construction for multiple 
spheres can yield buoyancy factors better than those 
for single spheres, this technique offers much prom- 
ise for hture deep-diving hydrospace vehicles. In 
some cases, the ring material might be less ductile 
than the shell, so the strength of the ring would be 
used to attain a suitable factor of safety only, and not 
be required to obtain a safe operating depth in the 
case of a ring failure. In this way, safe return to the 
surface in the event of a ring failure would be as- 
sured. The hydrodynamic and arrangement benefits 
of multiple intersecting spheres, combined with the 
structural advantages of composite spheres and 
rings, make this concept very attractive. 

2.4 Special Structural Considerations 

The primary considerations governing the selec- 
tion of the design and materials for submersible 
pressure hulls must be augmented by detailed con- 
sideration of low cycle fatigue, dynamic effects, fi-ac- 
ture toughness, and environmental effects. These 
affect the selection of the material, particularly with 
regard to connections and penetrations. 

If the design of a submerged vehicle were ideal, 
stress reversals would not occur and fatigue prob- 
lems would be greatly alleviated. However, because 
of imperfections introduced in hull fabrication and 
because of the existence of penetrations and "hard 
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lNBOARD OUTBOARD 
Fig. 10 Electrical hull penetrator 

spots" at connections, zones of both residual and 
applied tensile stresses can exist. Thus, low-cycle 
fatigue must always be considered in the design, 
particularly in the design of pressure hull penetra- 
tions. mical penetrations in deep submersibles in- 
clude electrical penetrations, viewports, and hatches. 

A typical electrical penetration is shown in Fig. 10. 
An electrical hull penetration usually consists of a 
penetrator body with outboard and inboad plug 
assemblies. The penetrator body houses a primary 
and a secondary conductor in the form of glass- 
sealed contact header assemblies. Electrical cables 
are wired and molded to the inboard and outboard 
plug assemblies. A typical viewport is shown in Fig. 
1 1. Most viewports to date have consisted of 45-deg 
conical frustums made of acrylic. the design of 
which has proven to be structurally sound and opti- 
cally efficient. Hatches can be of two basic designs. 
either seat or plug type. Seat hatches (Flg. 12) are used 
in relatively shallow depth submersibles because 

Transparent Reinforcement for 
Window Opening 7 Acrylic Window 

they are economical and simple to operate: however, 
they do incur a weight penalty. Plug hatches (Fig. 13) 
are used in deep-diving vehicles because they save 
weight by directly reinforcing the pressure hull. De- 
tails of the designs of penetrations are presented in 
reference [91. 

3. Exostructure Design 

The primary objective in the development of an 
exostructure design is to achieve the least-weight 
structure at the lowest cost that satisfies operational 
and structural requirements. Ideally, the quest for 
an optimum exostructure design would begin with 
efforts to achieve a least-weight design for a given 
vehicle envelope-the material and structural form 

HUII Structure J 

Fig. 11 Viewing port for oceanographic vehicle Fig. 12 Seat-type hatch 
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Pressure HUII 

0-Ring 

Fig. 13 Plug-type hatch 

that safely would carry the prescribed loads with the 
minimum structural weight. This then would be fol- 
lowed by tradeoff studies with non-strength-related 
variables such as cost and serviceability. The benefit 
to be gained from this procedure is that it enables 
the designer to evaluate quantitatively the weight 
penalties incurred in exchange for other important 
attributes such as lower cost. There are systematic 
procedures for selecting minimum weight designs, 
commonly referred to in the literature as "principles 
of optimum structural design." These methods can 
be subdivided into two categories: analytical and 
numerical. Such methods are addressed in Chap- 
ter 11. Section 4, and will not be discussed further 
here. The interested reader may consult references 
1101 through [ 141 for further information. 

3.1 Material Selection 

Since material selection is an integral part of 
exostructure design, the designer requires some ra- 
tional basis for assessing the structural efficiency of 
the various potential materials. The designeis initial 
efforts will turn to that eternal quest for the ideal 
material-one with idni te  strength and zero weight. 
in considering these important properties, it is worth 
noting that we seek not as much strength as possible 
for a given weight, but rather a given strength for the 
intended service with the least possible weight. To aid 
in that selection, a quantitative means is presented 
below for making useful weight-strength compari- 
sons of potential materials, based on the two domi- 

nant modes of structural behavior-flexure and 
buckling-that govern the design of an exostructure. 

For the flexural or bending modes, the ratio of 
weights of any two materials resisting the same 
bending moment M can be expressed as 

\ J  where 
W = weight (lb), 
p = material density (lb/in.'), and 

0, = allowable material stress. 
For the buckling of plate elements, the ratio of 
weights of any two materials resisting the same 
compressive force is 

where E is the modulus of elasticity (lb/in?). Equa- 
tions (27) and (28) provide a numerical tool for com- 
paring weight-strength properties of various materials, 
specifically their efficiency in resisting flexure and 
compressive buckling. It is now possible to construct 
a table of data, using only three material properties, 
which will permit a weight-strength comparison of 
alternate materials. Using aluminum as the refer- 
ence material and some representative handbook 
values for the various material properties, Table 1 
presents such a comparison. Restating equations 
(27) and (28): 

Flexure: 

weight of material n ="(%r (29) 
weight of reference material p1 0, 

Compressive buckling of plates: 

weight of material n =k("r" (30) 
weight of reference material p1 E, 

As a practical matter, such comparisons must be 
combined with cost considerations. None of the 
materials in Table 1. for instance, would be a better 
choice than aluminum 5456 for either flexure or 
compressive buckling properties if the alternative 
costs several times as much to procure and fabri- 
cate. 

Table 1 Weightlstrength comparison of certain materials 

- b a  - E -- pn (21 'A? -- p n ( 6 r  
Material Oax 10: psi p, Ibh? Ex 10,6 psi P P P I  On p1 a 

Aluminum 5456 21 .o 0.096 10.3 218.8 107.3 1 .oo 1 .oo 
Titanium Ti-6AI-4V 100.0 0.160 16.0 625.0 100.0 0.76 1.44 
CRES 31 6 3.0 0.286 28.0 104.9 97.9 2.49 2.14 
Glass-reinforced plastic 24.0 0.070 3.2 342.9 45.7 0.68 1.08 
Steel HY-100 100.0 0.286 29.0 349.7 101.4 I .37 2.11 - 
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STATION 

.\ / 
----+ / 

\ -------- J 
Fig. 14 Typical vehicle weight distribution diagram 

3.2 Exostructure Loads 

Proper definition of design loads is another impor- 
tant facet of the exostructure design process, since 
underpredicted loads can result in structural failure 
and overpredicted loads in excessive vehicle weight. 
If structural weight becomes excessive as a result of 
designing for a particular load, one of the tradeoffs 
that might be made is to impose speciflc limits on, 
say, vehicle operations or constraints for transport- 
ability, so as to limit the total weight. For these 
reasons, the structural designer must have com- 
plete knowledge of the various mission operating, 
handling, and transport conditions, and of the 
resultant loads. The conditions and loadings listed 
below are considered representative of what can be 
expected during the life of many submersible ve- 
hicles. 

A. Design Conditions: 
1. Surfaced 
2. Submerged 
3. Launching and retrieval at sea 
4. Cradle or transport 
5. Towing 
6. Impact (submerged) 
7. Bottom sitting 

B. Design Loads: 
1. 
2. 
3. 
4. 
5. 
6. 

7. 
8. 
9. 

The load distribution diagram for the surfaced 
condition (Al) consists of vehicle gravity loads and 
buoyancy force distributions as shown, for example, 
in Fig. 15. Similarly, the load distribution diagram 
for condition (A2) would be composed of gravity and 
buoyancy forces in the submerged mode. 

For design condition @3), launching and retrieval 
at  sea, a dynamic load factor of 2 customarily is 
applied to the weight of the vehicle suspended in air 
to represent dynamic conditions encountered at sea: 
the vehicle’s estimated weight is doubled to define 
the force used to design the structure through which 
the lift forces would be transmitted. The line of action 
of this static equivalent of an inertial force is taken 
to be vertical, consistent with the manner in which 
the vehicle normally would be suspended. 

Design condition @4), cradle or transport, must 
be evaluated for all anticipated modes of transport, 
that is, aircraft, ground vehicle, and, of course, by 
sea. For the transport-by-sea mode, it is important 
to know the type of vessel or vessels considered for 
use in transporting the submersible vehicle to its 
operating site so that ship’s motion in a seaway can 
be assessed. Once the roll, pitch, heave, etc., char- 
acteristics ofthe transport vessel are known, ameans 
of supporting the vehicle can be devised by considering 
the various inertia forces described below. 

Sktic weight of vehicle (gravity loads) 
Buoyancy forces 
Hydrodynamic forces 
Sea slap (wave forces) 500 psf 
Dynamic load factor of 2 for condition (A3) 
Kinetic energy associated with impact 
velocity u1 

The general forms of the equations used to calcu- 
late the magnitude of these dynamic forces are pre- 
sented below. A detailed treatise on their derivation 
may be found in reference [ 151. 

Propulsion and thruster forces I ,-Weight 
Equipment operating forces 
Towing forces 5 Once the design conditions and associated loads are 

defined, load diagrams consisting of weight distribu- 
tion. applied external forces, and reactions are devel- 
oped for each such condition. Figure 14 is an exam- 
ple of a typical weight distribution diagram. 

-I 

Fig. 15 Vehicle gravity load and buoyancy force distribution 
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R,= m(fg sin 8 f x@ f ye) 

Ry = m(-g cos Q cos 6 f yb2 f z$ f $ f &) 

(31) 

(32) 

(33) R, = m(kg sin Q f zb2 f $1 
where 

g = acceleration due to gravity (32.2 ft/s2). 
m = mass of supported object (lb.s2/ft). 

Rx ,y, = forces acting at supported object's center 
of gravity that result from gravity and 
rolling and pitching motions of the trans- 
port vessel. Subscripts indicate the refer- 
ence axis to which each is parallel (Ib), 

x, y. z = distances parallel to X Y and 2 reference 
axes h m  ship's (assumed) center of mo- 
tion to the supported object's center of 

8 = ship's pitch angle (rad), 4 = ship's pitching velocity = &/dt (rad/s), 
6 = ship's itchingacceleration = d28/dt2 

Q = ship's roll angle (rad), 
4 = ship's rollingvelocity = d$/dt (rad/s). 
Q = ship's rolling accelemtion = d2Q/dt2 

gravity (ft). 

T1 (rad/s 1. 

(rad/s2). 

These equations represent the resultant components 
of force acting through the center of gravity of the 
supported mass, and parallel to the ship's reference 
axis (see Fig. 16). Here, the origin of the ship's 
reference axis is at the center of motion, which for 
convenience can be taken at the vessel's center of 
gravity without introducing appreciable error. Each 
resultant force R is composed of terms representing 
contributions from the force of gravity and the dy- 
namic centnifugal and tangential forces produced by 
ship rolling and pitching. The magnitude of these 
terms, and their additive or subtractive effect, de- 
pends on the supported object's location relative to 
the ship's center of motion: the direction, speed, and 
acceleration of roll and pitch: and the degree of 
angular deviation from level keel. 

The complezdty of the computations is simplified 
greatly when the following conditions are realized: 

Pitch and roll velocities are greatest as the ship 
passes through the point ofzero pitch or roll angle, 
and are zero at maximum pitch or roll angle. 
Pitch and roll accelerations are greatest at maxi- 
mum pitch or roll angles, and zero as the ship 
passes through the point of zero pitch or roll 
angle. 

.. ~---- ------ 

PITCH 

Fig. 16 Ship inertia force reference system 
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Table 2 Characteristics of pitch and roll velocity and 
acceleration for the four definitive combinations of ship 

pitch and roll angles 

Ship Angles Velocities Accelerations 

Case e &I 0 i  e o  
1 0 0  max max 0 0  
2 max 0 0 max max 0 
3 0 max max 0 0 max 
4 max max 0 0  rnax max 

Submersibles being shipped almost invariably 
will be supported on the ship’s deck, that is, 
above the ship’s center of motion. 

Given these conditions and assumptions, it is neces- 
sary to consider only four definitive cases of pitch and 
roll angles, which may combine to impose forces on 
the supported object. The combinations and their 
corresponding values of velocity and acceleration are 
given in Table 2. 

For each of these combinations, the general equa- 
tions for inertial forces reduce to more manageable 
versions, as certain terms reach zero or maximum 
values. Each case may have three nonzero force 
components, corresponding to the vehicle’s principal 
axes, acting in different proportions on the supported 
object. R, and R, may have either positive or negative 
directions, depending on the direction and position 
of the pitch and roll angles. 

The maximum velocities and accelerations are 
obtained from: 

2mmu .. emu = - 
Te 

where To and T@ are the periods of one complete pitch 
and one complete roll. respectively. 

The simplified versions of equations (31) and (33) 
are listed in Table 3 for the four conditions of interest. 
Ry always will be negative (downward) except where 
very rapid pitch and roll velocities occur. The de- 

Table 3 Formulae for fore-and-aft and athwartship inertial 
forces for the four definitive combinations of ship pitch and 

roll angles 

Ship Angles 

41 e Fore-and-Aft, Rx= Athwartship. Rz = 

signer must ascertain which combination of force 
directions causes the most severe loading condition 
in each of the four cases outlined. The corresponding 
equations for vertical forces from equation (32) are 
given in Table 4. 

The design towing force, condition (A5). is of con- 
cern, of course, only if the vehicle will be towed. The 
magnitude of the towing force to be used for exostruc- 
ture design or stress analysis purposes or both is 
determined by consideration of the following factors: 
vehicle hydrodynamic drag (which is a function of 
vehicle form and surface area): sea state: towing line 
length and elasticity: and towing system design (that 
is, bridle or single point). 

Design condition (A6). impact, is the most difficult 
to predict with any degree of certainty since it encom- 
passes numerous possibilities, both inevitable and 
potential, that the vehicle might encounter in service. 
Aside from surface encounters with support vessels 
in various sea states, the main concern is for vehicle 
impact with rigid submerged objects. Collisions with 
ice in very low air temperatures would be of special 
concern in a vehicle intended for arctic research. One 
means of designing for impact is to postulate that the 
vehicle might be carried uncontrolled in a lateral 
direction by underwater current into some undefined 
rigid object. The point of impact is postulated con- 
servatively to be on a horizontal line through the 
vehicle’s center of gravity. The maximum velocity of 
underwater currents in the regions of planned or 
anticipated vehicle operation would be examined and 
used to predict the kinetic energy developed by the 
vehicle at the moment of impact. The resulting value 
of kinetic energy is 

where 
K E =  
rn= 

u =  
9 =  

(34) 

kinetic energy, 
virtual mass, or mass of the vehicle includ- 
ing entrained water plus an added mass of 
water. As an approximation, use rn equals 
Mce the mass of the vehicle, including en- 
trained water, 
current velocity, 
gmvity constant. 

Table 4 Formulae for vertical inertial forces for the four 
definitive combinations of ship roll and pitch angles 

Ship Angles 

e 6 Vertical Force, Rv = 
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This kinetic energy must be absorbed by the strain 
energy of deformation (elastic and inelastic) of the 
exostructure, which can be represented by 

KE= U (35) 
where U is the internal strain energy of deformation 
of the structure; it is the sum of the strain energies of 
its members. See references [16], [17], or [18]. or any 
standard advanced text on strength of materials for 
a treatment of energy methods in structural analysis. 

An alternate procedure, often used in treating 
this issue of impact resistance, is to design the 
exostructure so as to satisfy all other design load 
conditions, and then to analyze the resulting struc- 
ture by the kinetic energy method described above 
for the degrees of exostructure deformation resulting 
from various impact velocities. While in the flrst 
method, a known or anticipated impact velocity is 
used for purposes of designing sufficient vehicle 
strength to absorb the resultant kinetic energy at 
impact, in the alternate method an exostmcture 
design developed for other than impact conditions is 
used to calculate impact velocities that cause varying 
degrees of structural deformation. The latter proce- 
dure is useful in gaining some quantitative measure 
of the vehicle's vulnerability to damage by impact. 

Design condition (A7). bottom sitting. is treated in 
a manner similar to condition (A6). with three impor- 
tant exceptions: first, the vehicle descent velocity at  
touchdown is controlled and assumed to be unaf- 
fected by underwater currents; second, landing skids 
or bottom supports are used to distribute bottoming 
impact forces into the exostructure in a fairly uni- 
form manner, in contrast with the concentrated 
forces induced by lateral impact; and last, for the 
condition where repeated bottoming excursions are 
planned or might reasonably be anticipated, it is 
desirable to keep structure deflections (strains) 
within elastic limits, otherwise the cost and delays 
required for repair of damage would become prohib- 
itive. This means that the kinetic energy of the vehicle 
in bottoming must be dissipated through the elastic 
strain energy of deformation U of the exostructure, 
whereas for uncontrolled lateral impact, which is 
essentially a casualty situation (repeated incidents 
are not expected), permanent deformation of the 
shell and framing may be permitted in order to avoid 
an appreciable weight penalty in designing the exo- 
structure to behave elastically. Stated differently, 
since most materials that are likely to be used in a 
submersible exostructure are fairly ductile, consid- 
erably more strain energy can be developed inelastic- 
ally than elastically. This can be seen in a typical 
stress-strain curve for, say, 5456 aluminum (Fig. 1 3 ,  
where the triangular area under the linear portion of 
the curve represents elastic strain energy, and the 
area under the remainder of the curve (which is 
essentially rectangular) represents inelastic strain 
energy. Of course, the entire inelastic region of the 

0 2 4 6 8 10 
Strain, 0.001 i n h .  

Fig. 17 Stress-strain cutve-aluminum 5456-H321 

stress-strain curve would not be used for design 
purposes, since this would result in hcture;  rather, 
some fracture-safe limiting value of inelastic strain 
would be chosen for design. 

The design loads specified under list B have been 
addressed, or are self-evident, with perhaps the ex- 
ception of (€34). sea slap forces. The 500 psf loading, 
like the design load factor of 2 for design condition 
(A3), is largely empirical and has its origin in satis- 
factory, time-proven usage. These wave slap forces 
generally are considered to be multidirectional (in- 
cluding vertical upward to represent slamming of the 
vehicle when pitching in severe seas), and to act on 
the projected area of circular cross-sections as a 
cosine distribution, as shown in Fig. 18, and on the 
projected area of flat surfaces such as a rudder, as 
a uniform load. 

Once the loading conditions described above are 
translated into load or force diagrams such as those 
shown in Fig. 19, the design of the exostructure can 
proceed. It is worth noting that structural members 
having different functions are apt to have differing 
load conditions as their principal design constraint. 

3.3 of Framing Systems 

For classification purposes. exostructure framing 
systems can be divided into two major categories: 
framed structures and stiffened shells. Examples of 
each type are shown in Fig. 20 and Fig. 21. In framed 
structures, an assemblage of interconnected struc- 
tural members constitutes a skeletal system that is 
self-sufficient in strength for the vehicle, without 
benefit of contribution from the shell. In stiffened 
shells, the shell is for the most part continuous and 
serves as the main load-carrying member, with 
frames and stiffeners serving to strengthen and 
stiffen it. Three-dimensional framed structures may 
be further categorized as space trusses or space 
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Typical 
CE Elevation Cross Section 

Fig. 18 Sea slap depicted as a cosine distribution 

frames. The sole distinction between the two lies in 
the manner in which the members are connected 
at  the joints. 

3.3.1 Framed Stnrctures 

A space truss is an assemblage of structural mem- 
bers of arbitrary direction in space, in which, under 
theoretically ideal conditions, the members are 
joined by means of Mctionless pins. Consequently, 
the members are free to rotate at their joints and 
do not exert any torque on each other. This differs 
from the space frame, in which the members are 
connected rigidly at their intersection, resulting in 
the transfer of bending moment across the joints. 
The significance of this differing behavior at the joints 
can be seen in the way in which loads are carried 
by the members comprising a framed structure (see 

Ideally, it is desirable that there be no restriction 
on the manner in which loads are introduced into a 
framed structure, either as concentrated forces ap- 
plied at the joints, or as concentrated or distributed 
loads, or both, at any arbitrary location along the 
length of the member. For without any location con- 
straints, components could be arranged optimally 
and attached to the framing by foundations (see 
Section 3.6) via the most efficient path. However, 
there are certain limitations on the load capacity of 
the structural members as a consequence of the 
manner in which they are joined (that is. either free 
to rotate or rigidly interconnected). In a space truss, 
loads normally are introduced into the structure as 
concentrated forces applied at the joints. By loading 

Fig. 22). 

the structure in this way, it is intended that only axial 
tension or compression forces exist in any member, 
except for the small amount of bending stress pro- 
duced by the deadweight of horizontal and inclined 
members. If concentrated or distributed lateral loads 
are applied to a truss member at any location along 
its length, and combined with axial compressive 
forces, a nonlinear amplification of deflection and 
stress arises, commonly referred to in the structural 
literature as the beam-column effect. Depending on 
the magnitudes and relationship between the axial 
and lateral forces (dependent or independent of each 
other), it might become necessary to make certain 
truss members inordinately heavy in order to sustain 
such forces safely. The practical consequence of this 
is that large (heavy) equipment must be attached to 
the space truss only at  or near joints, which can be 
a severe restriction both on the arrangement of 
equipment and on the weight of foundations support- 
ing such equipment. 

In the space frame, members theoretically are 
fastened rigidly together at  the joints in such a 
manner that no change is possible in the angles 
between the members meeting there. Laterally 
loaded members of a space frame result in moments 
at the joints that are shared by common members in 
proportion to their relative stiffnesses. Because of the 
rigid connections at the joints, space frames are less 
vulnerable to catastrophic failure than space 
trusses, in which the loss of a single member may 
precipitate the collapse of the whole framework 
Hence, space frames are more stable than space 
trusses. Since space frames do not have the same 
load attachment limitations as space trusses, there 
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(c) 

Fig. 19 Typical (a) load-lift, (b) shear, and (c) bending moment diagrams 

is greater freedom for arranging equipment and, in 
general, smaller, lighter foundations result. 

A distinctive advantage of the framed structure is 
that it permits removal of any or all portions of the 
shell for access to enclosed equipment, without af- 
fecting the overall strength of the exostructure. The 
shell serves only to provide a protective fairing for the 
vehicle, and to transmit hydrodynamic, wave-slap 
and impact forces to the framework. For these 
reasons, the shell usually is composed of numerous 
segments or panels, which are attached to the stiff- 
eners by mechanical fasteners for ease of removal. 

Since the shell does not contribute to the overall 
strength of the exostructure, as it does in the stiff- 
ened shell type of construction, there is little reason 
to construct the shell and framework of the same 
materials and, in fact, the two seldom are. k e -  
quently, the shell is made of a glass-reinforced plas- 
tic, while the framing is made of a suitable metal, for 
example, a marine grade of aluminum. While both 
materials possess comparable weight/strength char- 
acteristics, as well as other requisite properties, there 
are two distinguishing attributes that dictate their 
selection, or that of similar combinations (that is, 
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Fig. 20 Framed exostructure 

nonmetallic shell with metal framing) for exostruc- 
tures: ease of fabrication and ease of attachment. 

The process by which glass-reinforced plastic 
(GRP) structural elements normally are produced for 
a single structure (that is. laying up successive plies 
of resin-impregnated glass cloth on low-cost molds 
formed to the finished shape, and then curing the 
laminate) makes this material particularly well- 
suited to the forming of panels of compound curva- 
ture and other shapes that are difficult to build from 
metal. Such laminates also offer the service life ad- 
vantages of being impervious to comsion and being 
fairly easy to repair. Metals, on the other hand, offer 
economic advantages for the fabrication of framing 
because of the availability of preformed, standard 
rolled or extruded shapes (such as tubes, angles, and 

I-beams) in a wide range of sizes. and the relative ease 
of joining (usually by welding) the intersecting struc- 
tural members. Metal stiffeners also have certain 
advantages over nonmetallic materials for attaching 
foundations, namely, the ability to make connections 
by welding (which is of greater reliability and unit 
strength than the adhesive bonding of nonmetallics) 
and the greater local strength of metals (which permits 
mechanical connections with the fewest fasteners). 
Another characteristic of the structural metals is 
their superior ductility and fracture resistance. In 
view of the largely unpredictable (to any great degree 
of accuracy) nature and severity of loading conditions 
that might be encountered by a submersible vehicle, 
the plastic reserve strength afforded by a metal 
framing system may prove attractive. 
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Chapter Vll 
Submersible Vehicle Support Systems 
B. Murphy and S. Hannuksela 

1. Overview 

HIS CHAPIER describes the principal support 
systems required for a submersible vehicle op- T eration. In general, support systems can be 

deflned as all systems, exclusive of the submersible 
itself, which are required to perform the mission. A 
submersible vehicle cannot operate independently: it 
must be transported, launched, recovered, refueled, 
guided, positioned, maintained, and repaired. The 
following sections of this chapter will concentrate on 
transportation, navigation, and maintenance/repair 
support systems. 

The design of a submersible is the main concern 
of 'Submersible Vehicle Systems Design." However, 
the vehicle is just one element, albeit the key element, 
in the overall system. The capabilities and limitation 
of all elements must be reviewed in the process of 
developing a safe, economic, and effective submers- 
ible operation. At the outset of a submersible-system 
design, the designer must identify which support 
elements will have to be designed, which will be 
adapted by modifying existing ones, and which will 
be utilized as is. Based on economics, the last two 
approaches are generally preferred. The mission in- 
ternal design constraints imposed on the submers- 
ible design by the support systems are very depen- 
dent on the course chosen. 

Section 2 of this chapter discusses land, sea, and 
air transportation systems. The information given on 
land and air transportation is in part derived from 
work performed on the U.S. Navy's Deep Submer- 
gence Rescue Vehicle program. Section 3 outlines the 
characteristics to be found in a maintenance-and- 
repair facility. I t  is based on typical capabilities 
required to support a manned-submersible opera- 
tion. 

Section 4 describes the principles of operation and 
gives the characteristics of the major aids available for 
navigation and positioning. Until the NAVSTAFt/GPS 
worldwide, high-accuracy, navigation system reaches 

full capability, the designer responsible for the choice 
of submersible support system navigation must 
choose from the numerous navigational aids avail- 
able. Three hyperbolic radio navigation aids, Decca. 
Loran C, and Omega are covered in Section 4.1 and 
Electromagnetic Distance Measuring systems used 
in offshore locations in Section 4.2. Descriptions of 
the two satellite navigation aids, Transit and GPS, 
are found in Section 4.3. A number of underwater 
acoustic navigation and positioning systems are pre- 
sented in Section 4.4. Beacon navigation systems 
and velocity sonars which utilize acoustic energy 
measure range and velocity, respectively. 

Section 4 ends with a discussion on inertial navi- 
gation. An introductory description of inertial com- 
ponents, gimbals, and the fundamental principles on 
which inertial navigation is based is contained in this 
section. 

2. Transportation Systems 

2.1 Landborne Transportation Systems' 

Implicit in the overall requirements for any system 
utilizing a submersible is the requirement for a 
ground transportation system. This is evident from 
the fact that the vehicle must be moved fiom a 
maintenance or home-port facility, where it is nor- 
mally serviced, to the dock side of a support ship or 
to the loading terminal of some other intermediate 
transportation system. 

In the development of a new submersible system, 
the mission requirements may specify that the ve- 
hicle will be ground transportable and may even 
identify the ground-transport vehicle. Alternatively, 
the ground-transport vehicle may have to be specif- 
ically designed to meet the overall mission require- 

'The material on the DSRV land transportation system was 
drawn from studies performed by Lockheed Missiles and Space 
Company and from persod discussions with Mr. R. Korte of that 
company. 
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ments. In each of these cases, the ground-transpor- 
tation equipment will generate mission internal de- 
sign constraints on the submersible design. which 
will now be discussed. 

We will Arst look at transportation methods for a 
small submersible which must be moved from its 
home base which is a short distance from dockside. 
For such an operation, consideration should be given 
to the simplest, safest means of transporting the 
vehicle, while minimizing personnel and equipment 
hazards. Each of the following transportation meth- 
ods imposes different constraints on the design of the 
submersible's internal system: 

towing the submersible on a maintenance cradle 
that is equipped with wheels, 
moving it with a mobile crane, and 
moving it on a tractor trailer. 

The first method requires that the vehicle exo- 
structure be designed to interface with a cradle. and 
to distribute any loads that result during transpor- 
tation on the cradle. The second requires that the 
vehicle exostructure be designed with single or mul- 
tiple lift points. (Lilt points may be part of the sub- 
mersible design requirements for at-sea launch and 
recovery operations.) As an alfernative to lift points. 
the vehicle may be designed to interface with a lifting 
sling or h e  which places a different design con- 
straint on the exostructure. The last method requires 
either that the submersible vehicle have the ability 
to sit on a flat surface if, for example, it has skids, or 
that a cradle be provided on which the vehicle can sit 
when it is placed on a trailer. Depending on the 
distance it must be transported in this last case, 
tie-down points may be required between the vehicle, 
cradle, and trailer. Figure 1 shows the Aluinsubmers- 
ible. operated by the Woods Hole Oceanographic 
Institution, being transported from the maintenance 
area to dockside. For transportation of such a short 
distance, no special tie-downs are required. 

In analyzing the overall home base transportation 
requirements, the designer should also review the 
requirements for maintenance, handling, and lifting 
fixtures to determine commonality of functions. By 
doing this, it may be possible to identify Bxtures that 
can also be used as part of the home base transpor- 
tation equipment. 

For larger submersibles up to the medium class 
size of approximately 25 tons, transportation over 
roads can be accomplished by using a low-boy or 
flatbed trailer pulled by a tractor truck (henceforth, 
tractor). Standard, heavy-duty tandem-axle flatbeds 
are available which come in lengths from 35 to 45 ft 
and are rated for loads to 30 tons. Single, tandem, 
and triple-axle low-boys have capacity ratings in the 
15- to 60-ton range. Looking at aworldwide directory 
of manned submersibles in use or under develop- 
ment. one Ands that of the 91 submersibles with 
listed weights. 16 are over 25 tons: in this latter 
group only 9 are over 60 tons. For most of the 

Fig. 1 Ground transportation of the submersible Alvin. 
(Courtesy of WHOI) 

submersible community, then, the tractor trailer can 
fulfill the ground-transportation requirement with 
available equipment. Again, the design constraints 
on the submersibles are for the exostructure to be 
designed with enough strength and fittings to inter- 
face with any required cradles and tie-downs while 
mounted on a trailer. The designer must consider the 
shock, vibration, and acceleration environment in- 
duced while the submersible is being transported on 
a trailer. For a guide, the design values for the 
Deep-Submergence Rescue Vehicles DSRVs) are 
given in Table 1. 

The exostructure designers will use the transpor- 
tation environment parameters during the stress and 
vibration analysis of the submersible's framework. 

Table 1 Truck transportation shock, vibration, and 
acceleration environment 

Amplitude, Duration, Frequency, 
Load Direction" g S Hz 

Shock Verticalb +2, -2 0.03 - 
Transverse +0.5, -0.5 0.03 - 
Longitudinal +3, -1.5 0.03 - 

Vibration f2.5 - 2 to 200 
- - Acceleration Verticalb +3, -1 

Transverse 4 5 - 0 . 5  - - 
Longitudinal +3, -1 - - 

Vertical forces are positive (+) in the downward direction, transverse 
forces are positive (+) to starboard, and longitudinal forces are positive (+) 
in the fomard direction. 

'indudes acceleration due to gravity. 
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They will consider these in the design of foundations 
used for equipment mounting and will use them to 
generate the requirements for shock and vibration 
isolation mounts to protect sensitive equipment. 

The transportation environment parameters are 
also used in the design of a tie-down system that may 
be required for ground transportation. 

Each state or nation where a submersible may be 
transported has its own regulations governing per- 
missible weights and dimensions of vehicles that 
traverse its roads and bridges, all of which must be 
considered in the design of the submersible's trans- 
portation system. 

Table 2 lists the values for typical parameters. 
When the transportation of the medium-size sub- 
mersibles requires any of these parameters being 
exceeded, special permits can be obtained from the 
local authorities. Oversize loads or overweight loads, 
or both, place restrictions on travel such as 

Speed not to exceed a certain value 
Travel allowed only during daylight hours and 

Travel allowed only on certain roads and bridges 
A requirement for vehicle escorts front or rear or 

These restrictions are more the concern of a sub- 
mersible owner, but the system designer should be 
aware of them. If the owner rents the tractor trailer 
from a common carrier, the carrier takes care of all 
these arrangements. However, when the gross com- 
bined weight exceeds approximately 60 tons, the 
local authorities will require load analysis before 
granting a permit. 

In large-submersible design, the considerations of 
permissible sizes and weights may become external 
design constraints. For example, if the submersible 
is required to be transported by truck, its dimensions 
will have b be such that it can pass under all over- 
passes and over all bridges en route. Large submers- 
ibles heavier than 25 tons also generate the require- 
ments for special trailer rigs. Here, the system designer 
must make trade-off studies on the trailer complexity 
and costs versus the impact on the submersible design. 

A special trailer must be designed to conform to 
all applicable regulations governing such items as 
bumpers, clearance, and marker, stop, and turn-signal 
lights. If a trailer must interface with a standard 

during weekdays 

both. 

Table 2 Permissible truck dimensions and weights 

Parameter Value 

55 ft (1 6.8 m) 
8 ft (2.4 m) 
13.5 ft (4.1 m) 
80 000 Ib (36 290 kg) 
22 400 Ib (10 161 kg) 
18 000 Ib (8165 kg) 

Overall length 
Overall width 
Overall height 
Gross combined weight 
Single axle weight 
Tandem axle weighta 

'Spacing less than 6 R. 

Fig. 2 DSRV land transportation vehicle. (Courtesy of 
Lockheed Missile and Space Co.) 

tractor, then it must have a correctly positioned 
king-pin which will connect it to the flffh wheel of the 
tractor. In addition, typical hardware such as glad- 
hand (air brakes) and electrical connectors may be 
required to interface with the mating connectors on 
the tractor. A special trailer can be configured as 
either a semi- or a full trailer. The latter configuration 
with a forward axle set is used to distribute the trailer 
load. Again, in order for existing tractors to be used, 
the combined load of the trailer should not exceed 
the maximum gross vehicle weight (GWV) and gross 
combined weight (GCW ratings of the truck. 

The trailer developed for the DSRV will be de- 
scribed as an example of a special trailer design. This 
vehicle, shown in Fig. 2, is called the Land Transport 
Vehicle (LTV). Pertinent information on the LTV is 
given in Table 3. This vehicle is made up of a semi- 
trailer and a jeep dolly which provides a means of 
load distribution and of attaching the trailer to trac- 
tors having various heights of flffh wheels. The LTV 
has the following features: 

can carry DSRV (70 000 lbl, 49 ft long, 
can use primary and secondary paved highways, 
is compatible with (2-141 aircraft cargo deck 
system, 
has height and position control and support sys- 
tem capability for DSRV aircraft on/off loading, 
is equipped with loading winch, 
has power unit to provide compressed air for 
brake system when required, and hydraulic 
power for the winch, 

Table 3 Land transport vehicle parameters' 

Parameter Value 

Weight 
Length (overall adjustable) 
Width (deck) 
Width (tire to tire) 
Height (clearance) 
Ladened height 

(to top of deck rolls) 
Kingpin ground height 

(adjustable) 
Highway payload 

Courtesy of Lockheed Missile and Space Company 

44 500 Ib (20 185 kg) 
71 to 73 ft (21.6 to 22.3 m) 
11 2 in. (284 an) 
120 in. (305 cm) 
100 in. (254 cm) 
55 in. (1 40 cm) 

50 to 60 in. (127 to 152 cm) 

72 000 Ib (32 659 kg) 
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Flg. 3 Land transportation vehide roller system. (Courtesy of 
Lockheed Missile and Space Co.) 

can interface with different tractors, and 
has air suspension system for road environment 

The roller system on the LTV (Fig. 3) is compatible 
with the rollers on the cargo deck of the C-141. 

J3gm-e 4 depicts a 16-ton submersible mounted 
on a low-boy rated for a 25-ton load. Calculations are 
given in the figure to show the method of finding the 
axle loads for the tractor and the t d e r .  

The submersible designer and system engineer 
must be aware of the constraints imposed by the 

isolation. 

requirements for land transportation of the vehicle. 
These parameters form inputs to the design process 
in arriving at a good system configuration. Adherence 
to the design considerations of transportation will 
result in full compatibility between the submersible 
and its ground transportation system. 

2.2 S69orne Transportation and Handling 
Systems 

2.2.1 Introduction 

This subsection describes the types and require- 
ments of support vessels for manned submersibles 
and methods of launching and retrieving them at sea. 
As a general rule, all submersibles require a sup- 

port plaffonn when operating in the open ocean. 
These plafforms can be either surface or subsurface 
crafl; both are in use today. The support vessel 
provides many functions for submersible operations. 
The major support functions provided are to (11 

transport (aboard or tow) to dive site 
launch/retrieve at dive site 
accommodate support personnel and diving 

cany maintenance and repair equipment and 

communicate with, track, and direct the sub- 

party 

provide sheltered work areas 

mersible during submergence 

‘see authois note, page 379. 

Weight (Ib) 

Tractor - 9,849 

Submersible - 32.000 
Low Boy - 10,200 
Total - 52.049 

Tractor Rating - 43,000 GVW 

60,000 GCW 

Low Boy Rating - 25 ton 

= 24,2861b Low Boy Rear Axle Load = 168 in. x 32,000 Ib t 192 in. x 10,200 Ib 

Tractor Rear Axle Load = 85 in’ 9’849 Ib + 32,000 Ib + 10.200 Ib - 24,286 Ib = 23,428 Ib 

Tractor Front Axle Load = 9,849 - 85 in’ 

Total = 52,049Ib 

302 in. 

151 in. 
9t848 Ib 

= 4,335 Ib 
151 in. 

Fig. 4 Example of trailer loads 
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monitor weather and clear traffic for surfacing 
provide means of crew transport to and fiom the 
submersible 
carry scientific/engineering instrumentation 
and provide storage area for samples and work 
area for data reduction 
conduct supplementary studies for functions in 
concert with the submersible before, during, or 
after the dive 
provide a safe haven in the event of emergency 
provide rescue/recovery facilities 

It is obvious from the above functions that the sup- 
port vessel is an integral part of the manned sub- 
mersible system. 

2.2.2 Support Vessel Qpes and Con&urations 

Ships-ofopportunity versus dedicated support 
ships-support platforms are either ships-of-oppor- 
tunity or dedicated support ships. When ships-of-op- 

portunity are used, the submersible system is tem- 
porarily installed on an available ship. On dedicated 
support ships the submersible support equipment is 
permanently installed. Costs and mission duration 
are important elements in deciding which to use [2]. 

Overall costs may be considerably less with a 
ship-of-opportunity, though the efficiency of the total 
system may be reduced. Navigation and control sys- 
tems for the submersible's underwater operations 
can be difficult to integrate into a ship-of-opportu- 
nity. Likewise+ the time and costs of ouffltting the 
ship with the submersible's equipment before each 
mission and then dismantling it when the mission is 
completed must be considered. In addition, the use 
of some arbitrary launch and retrieval system can 
lead to dangerous situations and may reduce the 
operable sea state limitations. 

With a dedicated support vessel, all considera- 
tions peculiar to a submersible can be accommo- 
dated within the ship. This includes adequate room 

Table 4 Characteristics of some dedicated, manned-submersible support ships 

Length Gross Cruise Launch/ SUPPOfl 
Overall, Beam, Draft, Tonnage, Speed, Cruise Recovery Ship's Accomo- 

Ship Submersible Operator ft ft ft tons knots Range Method Crew dations 

Underwater 30 days 
Contractors 

Aloha Mermaid11 International 143 32 8.3 165 12 6000 nmi A-frame 6 16 

Atlantis I1 Alvin WHOl' 210 44 16 1529 12 9000nmi A-frame 25 25 
(Disp1.- 30 days 
2300) 

Calypso Divng saucer Cousteau 139 25 9.8 394 10 2640nmi Articulated 26' 26b 
Society (Displ.) 11 days Crane 

Edwin Link (ex- Johnson-Sea- HBOIC 125 27 12 239 12 3000nmi Articulated 11 15 
R. Ir! Johnson) Link I or 11 14days Crane 

Nadir Nautile lFREMERd 183 39 15.5 2008 12 7500nmi A-frame 19 15 

Natsushima ShinkaiZOOO JAMSTECe 220 42.8 12.5 1523 12 8000nmi A-frame 30 25 

Pandora 11 Pisces IV C. R.Ward8 197 45 18 1500 10.5 25200nmi A-frame 18 18 

Pigeonand DSRVs Mystic U.S. Navy 251 86 21.3 4200 15 INA' Gantry 188 38 
ortolan or Avalon (Displ.) Crane/- 
(ASR-21 Class) Elevator 

Seward Johnson-Sea- HBOIC 175.75 36 12 295 14 8000nmi A-frame 10 20 
Johnson Link I or 11 
Transquest SeaClirY, Turtle, Lockheedl 100 40 7 392 6 1100 nmi Elevator 7 23 

Mystic, Avalon U.S. Navy 10 days 

DSVSSg Sea CIiR Turtle Edison 240 62 13.5 499 12 8000nmi A-frame 12 40 
Laney ChoUSt Off- 90 days 
Chouest shore/USN 

30 days 

Associates 100 days 

Woods Hole Oceanographic Institute. 
90ta1 accomodations. 
%arbor Branch Oceanographic Institution. 
%en& Institute of Research for Exploration of the Sea. 
'Japan Marine Science and Technology Center. 
'Information not available. 
@Deep Submergence Vehicle Support Ship. 
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Fig. 5 Support ships: (a) WV Atlantis /I; (b) R/V €&in Link; (c) W Seward Johnson; (d) WV Natsushima; (e) USS Pigeon; 
( f )  schematic of WV Transquest; (g) WV Aloha; (h) WV Pandora I /  

for the submersible, its crew, and the associated 
equipment and supplies. This is the greatest advan- 
tage of dedicated support ships. 

Most manned submersibles in use today operate 
from a dedicated support ship. Table 4 gives some 
Characteristics of selected ships. The same ships are 
shown in Fig. 5. (For a more complete listing of 
support ships, see 131.) Of the ships listed in Table 4, 
the Research Vessel (R/W Natsmhima. U S  &am 
(ASR-21) and W S  Ortolan (ASR-22). R/V § e w d  
Johnson and R/V Transquest were specifically de- 
signed and built to support a submersible. The 

piseon and Ortdan are U.S. Navy submarine rescue 
ships constructed to carry the DSRVs and to support 
deep-ocean diving operations. The Transquest was 
originally built to transport the Deep Quest, but now 
primarily supports the U.S. Navy's Deep-Submer- 
gence Vehicles (DSVs) and DSRVs for close-to-home 
operations. 

Few manned submersibles in use today operate 
from ships-of-opportunity. However, the Deep Rover 
(Fig. 6). developed by Deep Ocean Engineering, Inc. 
was speciffcally designed to be readily accommo- 
dated on a ship-of-opportunity. It is a one-man sub- 
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Fig. 5 conzinued 

mersible that weighs 6500 lb in air and can be 
transported by air, sea, or land in a standard 8 by 8 
by 10 ft container. Deep Rover has been successfully 
launched and recovered using the submersible 
Launch, Retrieval, and Transport (LRT-12A) plat- 
form Wg. 7). an A-frame on the R/V Egabrug ILI (Fig. 
8). a crane on the R/V W m m u  (Fig. 9). and through 
a moon pool on the Research Platform Orb (Fig. 10). 

Hd@mm-The following is provided as an over- 
view of the advantages and disadvantages of existing 
hullforms. 

Fig. 8 Launching the one-man submersible Deep Rover from 
the support ship Egabrag Ill 

Fig. 6 Deep Rover submersible 

Fig. 7 Launch, recovery, and transport-1 2-ton aluminum 
(LRT-1%). (Courtesy of NOAA's Office of Undersea Research) 

Fig. 9 Deployment of Deep Rower using crane from the vessel 
WV Wecoma 
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Fig. 10 Deployment of Deep Rover using moon pool on the 
WV Orb 

Monohull: Monohull ships have been, and con- 
tinue to be, the most common type of ship used for 
manned submersible support. The main reason for 
this is the availability of existing ships with accept- 
able conAgurations or configurations that require 
reasonable modifications [41. Their main advantages 
are the lower costs and the availability of technical 

expertise required to design, construct, or modify 
them and their ability to handle considerably greater 
payloads than multihull ships. The disadvantages of 
monohulls include their seakeeping performance 
and the lack of flexibility in arranging topside work 
spaces. 

Catamaran: The ASR-21 class ships, the piseon 
and Ortolan, are prime examples of this type of 
hullform. The DSRVs are launched and retrieved 
between the hulls. 

The ASR-21 class ships use an elevator handling 
system (on which the DSRV is capable of landing 
while submerged) with a gantry crane lift system. 
While the ASR-21 class ships were designed specif- 
ically for supporting the DSRVs, they have not re- 
sulted in significant advances in support ship or 
handling system design for manned submersibles 
[4]. The advantages of this type of ship are that they 
have larger deck areas, and, in average-to-lower sea 
states, they tend to be more stable and sea-kindly. 
Their disadvantages include the limited amount of 
payload that can be carried and limited available 
space below deck in the hulls for working and living. 
These space limitations are inherent characteristics 
since the beam of each catamaran hull is a good deal 
less than one-half the maximum beam of the ship. 
Other disadvantages include their seakeeping abili- 
ties in high sea states, excess drag caused by the two 
hulls, and the potential for structural problems as- 
sociated with the cross structure between the hulls. 

Small Waterplane Area Twin Hull (SWATH): 
There are two SWATH type vessels currently utilized 
as manned submersible support ships: the Twin Drill 
(Fig. 11). and the KaZyo (Fig. 12). Neither is a dedi- 
cated support ship, but each was designed as a 

-~ 

Fig. 11 Manned-submersible support ship Twin Drill Fig. 11 Manned-submersible support ship Twin Drill 
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Flg. 12 Manned-submersible support ship Ka&o 

multipurpose ship capable of performing all facets of 
underwater work. The hvin Drill which is owned and 
operated by International Underwater Contractors, 
can be outAtted with the PLsces Wor the Beaver Mark 
Nsubmersibles. The Kafyo, owned and operated by 
the Japan Marine Science and Technology Center 
(JAMSTEC), can accommodate the Shfnkal 2000 
submersible, and also a next-generation submersible 
currently being developed. the Shinkai 6500. The 
greatest assets of SWATH ships are their seakeeping 
abilities in all levels of sea states, and the ample 
on-deck working areas for their size. Their disadvan- 
tages include increased drag due to the underwater 
hulls, complex structural problems, and a sensitivity 
to the addition and removal of weights. Other draw- 
backs to SWATH ships are that they may be some- 
what more costly than their monohull counterparts 
and that their freeboard is relatively large [5]. 

SeaTrailerY A novel design for a dedicated sub- 
mersible support platform for use with a ship-of- 
opportunity is the SeaTrailer (Fig. 13). SeaTrailer is 
a non-propelled partial column stabilized barge that 
is towed by a ship-of-opportunity. The towing hitch 
can be rapidly mounted on any tow vessel of conve- 
nience with structural clearance and sufficient sta- 
bility. Close coupling to the tow vessel allows direct 
personnel access at all times. 

%Trailer-type support platform dimensions can 
be varied to accommodate the desired payload and 
displacement, column size, and spacing can be cho- 
sen so that the natural periods of motion will exceed 
normal wave periods. The heave period selected is 
about 12 s for SeaTrailer to ride and clear larger waves. 

SeaTrailer's transit draft is about the same as that 
of the towing vessel to reduce towing resistance and 
pennit usage in shallow water ports. The trailer is bal- 
lasted onto the columns upon arrival at  the work site. 

Submarine: Launching and recovering submers- 
ibles from a submerged submarine is extremely at- 
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tractive because it enables both operations to be 
conducted independent of the effects of surface 
weather conditions and sea states. However, the very 
specialized crew that is required, the maneuvering 
capabilities necessary for the submersible to take-off 
and land on a submerged submarine, the lack of 
work and storage spaces, and the operational costs 
make a submarine impractical for all but unique 
submersible mission requirements. The only 
manned submersibles capable of working from a 
submarine are submarine rescue vehicles. The U.S. 
Navy's Mystic (DSRV1) and Aualon (DSRV2) are 
shown in Fig. 14. A civilian submarine support vessel 
design was developed in the 1970s. but was never 
constructed. It is discussed in detail later in this 
section when handling systems are presented. 

2.2.3 Requirements 

A submersible support vessel must carry certain 
standard equipment to allow it to operate in the open 
ocean without benefit of shore support. These are in 
addition to the normal complement of navigation (see 
Section 4 of this chapter), radar, ship-to-shore com- 
munications. and other equipment necessary for 
ships and boats to operate at sea. The following is a 
list of components specifically carried for submers- 

support [l]: 
battery chargers 
air compressors 
scuba equipment 
submersible navigation/tracking system 
small boat or rubber raft 
two-way radio 
launch/retrieval apparatus 
underwater telephone 
submersible system spares and supplies 
life-support replenishment 
standard electronic test equipment 

Submersible system spares Ad supplies deserve 
special attention. 'Qpically. submersible operations 
are conducted in a remote offshore location. This 
requires the support vessel to carry enough spare 
parts to cover almost every problem. Spare parts for 
the manipulators and tools, electronic/acoustic in- 

Flg. 13 SeaTrailer'" 
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Chapter Vlll 
Design and Operating Safety 
R. J. Dzikowski and J. H. Purcell 

1. Overview 

u SUBMERSIBLE vehicle designs must embody 
operational safety considerations. From the A selection of the hull structural material to the 

publication of an operational manual, design pro- 
cess decisions must consider the impact of all 
choices on vehicle reliability and particularly on the 
safety of personnel who will operate and occupy the 
submersibles. 

Safety considerations touch all elements of a 
submersible's design. A submersible meeting key 
mission requirements relating to speed and diving 
and surfacing times must consider stability while on 
the surface, while submerged, and while passing 
through the sea-air interface at various sea states. A 
particular mission may demand minimizing time on 
station, thus requiring rapid handling of the sub- 
mersible by the mothership. Submersibles which are 
launched from support platforms must be able to be 
lowered onto and lifted fiom the sea surface safely as 
well as expeditiously. 

This chapter, Sections 1 through 3, provides a 
general discussion of safety considerations applica- 
ble to the submersible design process and to at-sea 
operation of these vehicles, recognizing that very 
specific classification agency requirements exist 
and need to be followed if a submersible is to be 
certified classified for operation at sea. For certifica- 
tion classification of a submersible, its design, fabri- 
cation, and testing must be in compliance with one 
of the sets of classification agency rules, such as 
Lloyd's Register of Shipping, Det Norske Veritas. or 
the American Bureau of Shipping. In addition, gov- 
ernmental agencies such as the U.S. Coast Guard 
have rules which govern the operation of equipment, 
the requirements for installed equipment, and the 
qualifications for operating personnel. Submersible 
characteristics relating to safety imposed by classifi- 
cation agencies and a detailed discussion of the U.S. 
Navy's role in establishing submersible safety pro- 

grams are discussed in Sections 4 and 5 of this 
chapter. 

Safety considerations also apply to the submerged 
endurance of the submersible. The amount of 
breathable gas on board must be sufficient for the 
duration of the designed mission time, plus an excess 
for emergencies. If the submersible is designed for 
carrying lock-out divers, safety considerations for 
design of hyperbaric chambers must be consid- 
ered. Divers may be operating at ambient pressure, 
requiring additional gases which are of the proper 
mix for the intended diving depth. Also, the diver- 
occupied spaces must have air purification and 
heating facilities to ensure divers' safety and well- 
being. 

The entire design must have a common goal of 
safety of personnel and equipment. With the con- 
straint of size, weight, and costs, the challenge is 
great for the designer to create a submersible meeting 
the stated mission requirements and at the same 
time ensure that the end product will be a safe, 
operational vehicle. 

2. General Discussion of Submersible 
Safety Considerations 

In previous chapters the principles relating to the 
concept design approach have been given. The de- 
signer has selected the parameters of the hull struc- 
ture, the propulsion system, the exostructure config- 
uration. and all the materials to satis@ the mission 
requirements of the owner/operator of the submers- 
ible. All these must now be amalgamated into an 
efficient operating submersible which will provide 
inherent safety to itself as well as to the operators 
and users. 

The pressure-resisting structure must perform 
with adequate safety in repeated cycling to the oper- 
ating depth. Fatigue analysis of this structure, using 
finite element analysis programs, may be necessary. 
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Selected locations where high-stress levels are an- 
ticipated must be carefully analyzed. Penetrations, 
lifl points, and other discontinuities and representa- 
tive troublesome points should receive special atten- 
tion and analysis. Veriflcation of such analysis by 
strain gaging during the hydrostatic test should be 
specified. Where size permits, pressure testing of 
the instrumented pressure hull and other pressure- 
resisting structures in a suitable test tank should be 
considered, particularly if unique structural features 
are incorporated into the pressure hull design. 

The safety of the occupants of the submersible 
must be of primary interest to the designer/opera- 
tor/owner of the submersible. Safety can be consid- 
ered in several ways: 

0 inherent safety incorporated in the basic design 

0 special safety systems and components incorpo- 

operator training. 

of the submersible, 

rated in the design, and 

An example of a submersible’s inherent safety would 
be the choice of factor of safety used in the design 
and selection of material for the pressure-resistant 
structure. The ability to release mechanical equip- 
ment in case of entanglement is an example of a 
special safety feature incorporated into the submers- 
ible design. And, of course, operators must be trained 
in safety operations. 

The adequacy of the life-support system to provide 
an atmosphere habitable for humans for long periods 
of time in case of an emergency must be considered 
in submersible design. A sufficient emergency on- 
board oxygen supply and carbon-dioxide-absorbent 
supply must be carried to provide life support during 
a rescue effort for a length of time specified by 
regulating agencies. In addition, emergency equip- 
ment, such as recirculating breathing apparatus and 
special exposure clothing, must be available. These 
prolong the time the occupants can be sustained 
while rescue efforts continue. 

Reliability of the installed equipment, especially 
the propulsion, electrical, and sensor equipment. 
must be given special consideration by the designer. 
Operator confidence in the reliability of installed 
equipment is of paramount importance. This confi- 
dence can be gained by operator participation in 
specified equipment/system test programs and well- 
planned, step-by-step at-sea testing. 

Quality-control programs are essential in estab- 
lishing the inherent safety of a submersible. For 
example, most submersibles have very little sea 
water piping and valving inside the pressure bound- 
ary: however, all such piping and valving must be 
subjected to quality-control procedures from initial 
selection through fabrication. installation, and test- 
ing to ensure its integrity. A small, high-pressure 
leak in a submersible presents a very serious hazard 
to the occupants. In addition to strength and tight- 
ness integrity. the breathing gas piping and valving 

must have additional quality-control requirements to 
make certain that the system is clean and oil-free. 
The use of internal high-pressure gas piping and 
valves should be minimized in order to reduce the 
possibility of failure: this can be achieved by provid- 
ing gas-reducing stations near the hull entry or 
gas-storage source. Minimizing the extent of piping 
serving critical systems can improve the inherent 
safety of the submersible. 

Installed safety features should include a means 
of constantly monitoring the atmosphere inside the 
submersible for oxygen and carbon dioxide. A high 
percentage of oxygen can be hazardous in that the 
combustibility of commonly installed materials in- 
creases rapidly in above-normal oxygen mixtures. Sim- 
ilarly, high carbon dioxide content can induce minor 
but perceptive physical and mental changes in occu- 
pants if they are exposed to it for several hours. 

There is a great number of electrical circuits and 
sensors present in a submersible, all of which must 
be protected ii-om high-humidity conditions since 
these conditions pose a threat of an electrical short 
and thus an electrical flre. I t  is extremely important 
for the designer to minimize the potential for these 
incidents because the Are-fighting materials them- 
selves may contaminate the atmosphere, in addition 
to the gas and smoke from the fire itself. Electrical- 
kill switches should be considered which remove 
all power, but maintain emergency lighting. Fire- 
extinguishing equipment must be selected which 
will extinguish the fire but not severely contaminate 
the atmosphere or prevent the occupants from re- 
storing power to the unaffected circuits in order to 
return the submersible to the surface safely. 

The designer must give careful consideration to 
the preparation of a comprehensive test program that 
tests systems and components dockside in prepara- 
tion for the submersible’s sea trials. A comprehensive 
dive plan and a rescue plan is required. Crew training 
in operation and emergency procedures is a prereq- 
uisite so that the operational testing at sea can be 
done efficiently with minimum risk to the safety of 
the embarked personnel and the submersibles. Any 
data which are obtained during the initial trials 
should be analyzed for unpredicted anomalies which 
could impair safety in any future at-sea operations. 

At an early date, the owner/operators should 
select the classiAcation agency that will c e w  the 
vehicle for safe operation at  sea. The designer should 
then direct his or her effort during the design process 
and in preparing specifications for construction, out- 
fitting, and testing of the vehicle to ensure that the 
end product will be certified for unrestricted opera- 
tions within the mission envelope. The certificate 
issued by the regulatory agency indicates that the 
minimum requirements of the established rules have 
been met and assures that the submersible perfor- 
mance is adequate to assure safety of the occupants 
during normal operations. 
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3. Safety Considerations for Submersible 
Systems 

3.1 Hull 

The pressure-resisting elements of the submers- 
ible are normally referred to as pressure hull. This 
includes the hull penetrations required for electrical 
and piping services, personnel access hatches, 
viewports. penetrations for propulsion shafts, and 
mechanical features required for activation of exter- 
nal devices. Although they are not required for water 
tightness or pressure-hull strength, the hull may 
have various attachments such as pads for support 
of the exostructure. propulsion devices, lift points, 
drop weights, and other outfitting requirements. 
These may, however, generate 'hard-spots" or stress 
concentrations that must be considered when ana- 
lyzing the strength and fatigue resistance of the 
pressure hull. 

3.1.1 Pressure Boundary Structural Integrity 

The pressure boundary is the single most critical 
unit of the entire manned submersible. The weight 
of the hull contributes between 25 percent to 50 
percent of the entire weight of the submersible. For 
this reason, trade-off studies are made evaluating the 
weight versus configuration, cost, and material. In 
each trade-off, the safety aspects of the hull design 
must be a foremost consideration. 

In addition, the trade-offs must consider the abil- 
ityof the material to be formed, joined, and reinforced 
without undue degradation of the properties of the 
selected hull material. Not only must the pressure 
structure withstand sea pressure, but imposed on it 
may be point loads caused by the propulsion weight, 
exostructure. lifting pads, and other attachments. 
Consideration must be given to the pressure struc- 
ture being subjected to an impact with the bottom or 
other solid-type object, which in addition could im- 
pose high local loads a t  design depth. If there is 
a high probability of hard contact to the pressure- 
resistant structure, then hull-protection methods 
should be considered. 

The penetrations, such as viewports and hatches, 
require special protection consideration. Penetra- 
tions are discontinuities in the pressure boundary 
and are considered hard spots. Detailed investigation 
by flnite-element analysis may be required, espe- 
cially if the overall weight of the hull is critical or if 
the stresses are approaching the allowable yield 
strength levels. 

Generally, hatches and viewports are designed to 
seat with external pressure. However, the hatch 
mechanism and viewports must withstand a slight 
internal pressure above ambient when the submers- 
ible is at or near the surface due to the overpressure 

that a life-support system may generate or due to a 
drop in barometric pressure since the hatch was 
closed at  the beginning of the dive. 

Those submersibles which have a diver lock-out 
chamber require additional structural integrity con- 
siderations. The lock-out chamber may be at the 
pressure of the dive lock-out depth when the sub- 
mersible is brought to the surface. The design must 
consider a complete reversal of stresses since the 
lock-out chamber is cycled from surface ambient to 
deep-depth working pressure and then brought to 
the surface at  this pressure, at which point the 
lock-out chamber is reduced to surface ambient 
pressure. The lock-out chamber penetrations must 
be able to withstand this cycle of pressure, and the 
viewports and the hatch arrangements therefore 
must be double-acting, that is, capable of retaining 
their seating/sealing integrity if exposed to either an 
external or internal overpressure. 

3.1.2 Material specitications, Inspections, N ~ S ~ T U C -  
tive Testing 0, and Traceability 

The selection of materials and the structural prin- 
ciples pertaining to submersible design have been 
discussed in Chapters IV and VI. To ensure the 
proper procurement of pressure-hull material, the 
designer must provide a specific material specifica- 
tion which should state the chemical and physical 
properties desired. Unless the material is an alloy or 
has a chemistry not usually specified in recognized 
publications, such as those issued by the American 
Society for Testing and Materials (ASTM), the Amer- 
ican National Standards Institute (ANSI), the Ameri- 
can Bureau of Standards WS), or others. then 
specwng the material by the standard published 
designation is usually sufficient. However, additional 
supplementary requirements should be identifled, 
such as Charpy tests at specified lower tempera- 
tures, ultrasonic tests on plates using a specified grid 
pattern to check for internal defects such as lamina- 
tions, and X-rays of castings to ensure that they are 
free of defects; these are all aimed at achieving 
greater assurance that the material is satisfactory 
for use in the pressure hull boundary. The docu- 
mentation required to accompany the material, 
verifling compliance with the specification in all its 
requirements, should be clearly identified by the 
designer. Often a third-party inspection service is 
specified for use at  the plate mill or foundry to 
verify that the specified inspection and testing has 
been satisfactorily completed. 

The designer should also consider the need for 
receipt inspection of the material using some random- 
sample testing for such attributes as chemical and 
physical properties of the material. The plate or 
casting identification or both should be verified. This 
is to ascertain that the material received has been 
properly marked and is in fact suitable for further 
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fabrication. The cost of such random additional sam- 
pling is small compared to the cost of redoing pres- 
sure hull structural work as a result of discovering 
that improper or substandard material has been 
incorporated. 

Receipt inspection of the material is appropriate 
to see that the surface condition is satisfactory and 
that shipping damage such as stress-raising scars 
and gouges are not cause for rejection. Sandblasting 
and preservation of the structural steel is normally 
done as soon as the material is received and prior to 
the inspection for surface roughness. 

Traceability of the structural material is extremely 
important. The plate identification must be trans- 
ferred to all the cutoff plates and appropriately 
mapped for future reference and possible use as hull 
structure. Should it happen that a plate or casting is 
found to be defective for any reason, the faulted item 
can be readily identified, removed, and replaced if 
conditions so warrant. Also, such identification may 
direct attention to other plates or castings that were 
produced from the same billet roll or casting lot and 
thus may require reexamination. If no traceability is 
available to pinpoint the defective element, then the 
entire structural assembly is suspect. 

3.1.3 Welding h e s s  and Welding Certiication 

The steel plates and castings specified by the 
designer should be of weldable grade. The American 
Welding Society and other similar organizations have 
published detailed specifications for the qualification 
of the welding process and welder qualifications. The 
designer working on hull fabrication should take care 
to ensure that the fabricator can follow the welding 
procedures and will have welders properly qualitled 
in accordance with the regulating agencies' require- 
ments to weld the hull materials the designer speci- 
fies. This will assure that welders qualified through 
a test progmn can produce the minimum strength 
welds of acceptable quality. Nondestructive testing 
(NDq of welds and welder traceability control must 
be established to allow identification of defective 
welds to pinpoint the use of improper weld tech- 
niques, preheat. etc. 

3.1.4 Penetrations, Attachments, and Mechanical 
Fasteners 

Penetrations for piping, electrical, and mechanical 
shafting must be designed and installed so that the 
structural integrity is not compromised. Penetra- 
tions which are grouped so that they are installed in 
a compensated plate is one method of accomplishing 
this. The insert weld is readily X-rayable and film can 
be easily interpreted and a permanent. auditable 
record is achieved. Electrical penetrators are specif- 
ically designed so that the electrical penetrator does 
not extrude into the hull. Shafting penetrators are 

similar to piping penetrators with provisions in the 
penetrations to prevent the shaft from being forced 
into the hull or, in the case of a lock-out chamber, 
forced in or out of the hull. 

Welded attachments to the hull structure are con- 
sidered stress raisers because they inhibit the shell 
from acting as a continuous membrane. An analysis 
for local stresses due to external loadings should be 
conducted on welded attachments especially those 
which can be subjected to vibration, impact, shock, 
lifting loads, or some combination of these. Where 
dynamic loads are encountered, an additional 2 g 
loading factor (minimum) should be superimposed 
on the hydrostatic loading [ 1 I. 

Mechanical fasteners should be of prime concern 
to the designer. Specifying the proper fastener mate- 
rial to minimize the possibility of such phenomena 
as corrosion, stress corrosion, dezincification. and 
galvanic action requires diligent attention to design 
details. The purchase specification preparation 
should include marking, and traceability for all hull 
fasteners crucial to the operational safety of the 
submersible. 

3. 1 .5 viewports. Hatches. and Closures 

The configuration of the viewport must be deter- 
mined early in the design concept. The viewport 
insert must be designed to take the low and high 
pressure differentials and must have a sealing sys- 
tem that will accommodate the modulus of elasticity 
of the hull material. The structural hull insert used 
to accommodate the viewport is usually a ring forging 
machined for welding into the spherical or cylindrical 
hull. Extensive testing has been done on a variety of 
viewport shapes. Chapter VI contains detailed guid- 
ance for the design of viewports. For the most com- 
mon viewports used in submersibles. reference 
should be made to the latest revision of ANWASME 
PVHO-1, Safety Standard for Pressure Vessels for 
Human Occupancy. 

Hatches on one-atmosphere submersibles are de- 
signed to seat with pressure: the reinforcement ring 
on which the hatch is seated is a ring machined for 
welding into the hull. Because the hatches are quite 
heavy, they should be designed using counterbal- 
ance or spring-assisted mechanisms to permit oper- 
ation by one person from the inside. Locking and 
latching devices must be provided so that the hatch 
does not =pop" open when being undogged due to a 
build up of internal pressure higher than the external 
atmospheric pressure during a dive. Some have 
small viewports installed so that the operator can 
determine if the water above the hatch has drained, 
allowing the hatch to be safely opened. 

Submersible pressure-tight closures may also be 
required external to the pressure hull. Enclosures 
to house batteries, and electrical or hydraulic com- 
ponents with one-atmosphere pressure internal 
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and ambient pressure external are examples of this. 
The closure must be designed so that it is easily 
accessible for servicing the contained equipment, 
yet the design must use the same criteria as are 
applied to the pressure hull. External enclosures 
are fitted with leak detectors to alert the operator 
that water is present and corrective action is re- 
quired. 

3.1.6 Ballast and Trim Systems 

When the desired hull configuration of the sub- 
mersible is stated, the desired volume and weight of 
the buoyancy material and the fixed and variable 
ballast are assigned by the designer. The fixed or 
static ballast is usually placed as low on the sub- 
mersible as possible. This will enhance its surface 
stability. Often the fixed ballast is releasable so that 
the submersible can achieve positive buoyancy and 
come to the surface in an emergency. The release of 
the b e d  ballast and other droppable weights must 
not result in instability while the submersible is 
submerged, while rising to the surface, or while on 
the surface. Consideration must be given to the flight 
path of the submersible when rapidly rising to the 
surface after dropping emergency ballast. A high 
upward velocity can impart cross flow, causing se- 
vere oscillations of the submersible. 

During the entire design process and during fab- 
rication, weight control is an absolute necessity. A 
margin for construction growth must be provided as 
well as future growth margin while the submersible 
is in service. The variable ballast system must be 
designed to compensate for minor temporary 
changes in overall weight and for changes in the 
density of the sea water with change in depth and 
sea water temperature. The variable ballast system 
must be designed so that the power expenditure to 
change ballast is minimal. The variable ballast sys- 
tem may be a hard or soft tank system from which 
water may be pumped out to sea or flooded in from 
sea. In a hard system, the tank is designed to be able 
to withstand submergence pressure. A soft system 
has the tankage designed for low pressure and the 
pump, piping, and valves designed for high pres- 
sure, with suitable protective devices to avoid over- 
pressurizing the tanks. Keeping the high-pressure 
piping runs to a minimum is prudent and en- 
hances safety. 

Trim system design must also consider the need 
to adjust weight longitudinally for correction of inter- 
nal weight shifts, to accommodate the longitudinal 
position of added equipment, or to compensate for 
objects lifted by a mechanical arm. The trim system 
can be one in which liquid is shifted to compensate 
for the longitudinal weight shift, or a mechanical 
system can be devised where a ballast weight is 
shifted to compensate. The requirements for a trim 
system must be established early in the design con- 

cept because it affects many submersible systems 
and arrangements. It should be noted that many 
submersibles do not employ a dedicated trim system, 
but trim adjustments are made by shifting fixed 
ballast or buoyancy modules as required. 

3.1.7 Circdarity and Sphericity Measurements 

Circularity or sphericity or both measurements of 
the pressure-resisting structure are required by the 
various regulatory agencies. Their purpose is to re- 
cord the deviation of the structure from a theoreti- 
cally perfect circle or sphere and any local depar- 
tures that the designer may have specifled. Limits 
have been established which, ifexceeded, reduce the 
ability of the hull to resist the hydrostatic pressure 
at maximum operating depth. Out-of-roundness or 
-sphericity limitations are established based on the 
factor of safety that is specified for the overall pres- 
sure hull structure. 

Upon completion of a set of circularity or sphe- 
ricity measurements, the data must be analyzed by 
the designer to determine and revise the theoretical 
collapse depth if the specified limits are exceeded. An 
estimate of the theoretical collapse depth is useful in 
that it provides the operator with a guideline as to 
the hull‘s factor of safety. This will be useful in case 
of an emergency. It is also useful when conducting 
proof test of the hull when specified by regulatory 
agencies. I t  is important that complete and certified 
records of circularity or sphericity be retained for 
submersible safety records and for comparison pur- 
poses if modifications to pressure hull structure are 
made at  some future date. 

3.1.8 Cyclic Fatigue Analysis 

Regulatory agencies require that a fatigue analysis 
be submitted for review if the lifetime full-pressure 
range cycles exceed the calculated maximum allow- 
able cyclic life of the pressure hull structure. To 
arrive at  the equivalent number of cycles a submers- 
ible may attain. a hypothetical dive profile that might 
be encountered during the operational life of the 
submersible should be developed. The dive profile 
must then be converted into equivalent full-depth 
cycles, which are compared to the calculated cycles 
to determine if the calculated maximum allowable 
cycles are exceeded. If it is exceeded, a fatigue anal- 
ysis must be performed. 

The various penetrations and the attachments to 
the pressure-resisting structure give rise to dis- 
continuities and stress-raisers which require that 
the designer select and use an appropriate stress- 
intensity factor when conducting fatigue analyses. 
Such discontinuities may decrease the structure’s 
allowable fatigue cycle life and require more frequent 
surveillance inspections during the operating life of 
the submersible. 
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3.1.9 General Hull I t e m s  

The superstructure or exostructure and protective 
rings and bumpers are usually attached to and derive 
their support fiom the pressure-resisting structures. 
Similarly, attachments for handling and lifting the 
vehicle in or out of the water are usually terminated 
on the pressure structure. The purpose of these 
attachments is to resist the forces which are imposed 
on the exostructure during operation and on protec- 
tive rings during launch and recovery. Adequate 
consideration must be given to mitigate the point 
loading, which can be imposed on the pressure hull 
structure due to impact loads of heavy sea-state 
conditions on approach to the launch platform or 
during lowering or hoisting. Forces of up to 2 g may 
be experienced. 

Some buoyancy materials have a tendency to 
absorb water when subjected to deep submergence 
pressures. and consideration of loss of buoyancy due 
to this phenomenon must be taken, or suitable cov- 
erings applied to minimize absorption. The alterna- 
tive is to sacrifice some buoyancy and specify higher- 
density materials that have low water absorption 
characteristics at the desired operating depth. 

Even though the time in water in the lifetime of 
the submersible may be short, the amount of dissim- 
ilar material employed and its contributing galvanic 
action when submerged can create severe electrolytic 
corrosion problems. It is important, therefore, that 
care be exercised in the selection of materials for 
systems that are in contact with or in close proximity 
to the pressure-resisting structure. 

During normal operations, a submersible may be 
working near platforms. submerged objects. uneven 
and rocky bottoms, and in nearvertical escarpments. 
These environments pose a danger in that entangle- 
ment or snagging of the vehicle becomes a real 
possibility. The superstructure and appurtenances, 
such as propulsion and thruster motors, rudders, 
and diving planes, should be faired or shrouded to 
reduce the risk of entanglement. Obviously, some 
risk of entanglement will always be present, but 
fairings will help conduct operations successfully in 
entanglement-prone situations. 

3.1.10 Hydrostatic Tests 

Assuming that the pressure hull has been de- 
signed to provide a factor of safety of 1.5 (collapse to 
operating depth), then external hydrostatic proof 
tests are required by all the regulatory agencies to 
between 1.10 and 1.25 times the design operating 
pressure: no permanent deformation should occur. 
Strain gaging in the vicinity of hull discontinuities or 
so-called hard spots is usually specffied for the Arst 
unit. For those submersibles with a pressure struc- 
ture that will be required to accommodate both 
internal and external pressure, an internal hydro- 

static test must also be conducted. Such hydrostatic 
tests may indicate that local yielding of structure 
occurred, in which case previously obtained circular- 
ity or sphericity measurements should be rechecked, 
accompanied by an inspection of all the welds in the 
vicinity of the critical structural details. 

External hydrostatic tests can be conducted using 
hydrostatic test tanks if size permits; alternatively, 
the pressure-resisting structure can be lowered to 
the test depth on a suitable tether. All hydrostatic 
tests are usually conducted in the presence of the 
regulatory agency representative. The results of the 
strain-gage monitoring of these tests should be ana- 
lyzed and cyclic fatigue calculations verified. 

3.2 MachinerJr 

Proven high reliability must be the primary con- 
sideration when selecting and specifying mechanical 
equipment and system components for all critical 
submersible systems. Failure of any machinery or 
component that has been identffied as vital for the 
operation of the submersible usually means, mini- 
mally, that the operation will be degraded or, as a 
worst case, that the vehicle operators can be in 
jeopardy. Repairs to the mechanical equipment in- 
side the pressure structure while the submersible is 
submerged. even though the equipment may be ac- 
cessible to the operators. is difficult and should not 
be planned for during any operations. Lack of room 
and the additional weight of spares preclude any- 
thing but minor adjustments. For missions that 
require relatively long periods of submerged opera- 
tion, redundancy in vital components should be 
considered and additional weight and space allo- 
cated for this purpose. 

3.2.1 Propulsion Intqrity 

Integrity of the propulsion system is paramount 
to mission reliability and safety in considering the 
safety aspects of a submersible design. Thrusters, if 
used as a part of this system, should be designed to 
augment propulsion power in case of an emergency. 
Reliability of the propulsion system becomes ex- 
tremely critical when the submersible is required to 
operate under ice, overhangs, or other similar ob- 
structions to emergency ascent procedures. Mal- 
functions usually result in aborting the ongoing op- 
eration until repairs are made. 

Some designers have placed the main propulsion 
motors inside the pressure hull or in a separate 
propulsion pod in a dry environment to achieve 
greater propulsion system integrity. Others have 
placed the propulsion motors in an external, oil- 
compensated pod or used a canned stator-type 
motor. Some have used more than a single external 
propulsion pod. In this way, loss of one propulsion 
pod reduces the capability during the operation, but 
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complete loss of propulsion is avoided. The designer 
must select the arrangement and method of propul- 
sion to minimize the potential for loss of main pro- 
pulsion with resulting hazardous situations that 
such a loss would generate. 

3.2.2 Pbwer Sources 

The power source or energy storage system re- 
quired for propulsion and support of other auxiliary 
services must have a high degree of reliability. There 
are many varieties of power-source systems available 
to the designer. However, the reliability, serviceabil- 
ity, recharging time, efficiency, cost (initial and life 
cycle). etc. can vary widely, requiring detailed and 
careful analysis to ensure that the system selected 
provides the best fit for the mission and at the same 
time provides an adequate level of safety. 

Lead plate/acid storage batteries, the common 
submersible power source, are very bulky. They give 
off hydrogen and oxygen when charged, requiring 
special ventilation precautions. A large-capacity bat- 
tery signillcantly increases the weight of the sub- 
mersible, resulting in the need for additional buoy- 
ancy. This increases the size and launch weight of 
the submersible. Silver-zinc batteries have been 
shown to be the most attractive for use in submers- 
ibles. Silver-zinc cells achieve the highest energy 
density (that is, watt-hours per pound) of all cells. 
Initial costs of these batteries are higher than lead- 
acid batteries, but they have a significant salvage 
value due to-their silver content. Fuel cells similar to 
those used in the space program have been adapted 
to a submersible with some success, but they are not 
safe or cost-effective at the present time. Closed-cycle 
engines are being used with success. Normally, the 
use of fuel cells or closed-cycle engines is considered 
when there is a demand for relatively long transitory 
periods of submerged operations. Care must be ex- 
ercised in the selection of these systems, however, 
since their use can necessitate many safety precau- 
tionary measures. For example, as power sources 
they are more complex, the fuel used either is explo- 
sive or constitutes a fire hazard, or both, and in the 
closed-cycle engine the products of combustion must 
be carefully handled to avoid their becoming a danger 
to the operators. 

The placement of battery power sources can be 
either internal in an ambient atmosphere or in a dry 
dedicated pod. externally located. Internal storage 
requires the pressure structure to be larger in order to 
contain the power source. Use of dry storage external 
to the pressure hull requires that the structure 
withstand the submergence pressure, and accessi- 
bility for maintenance must be carefully considered. 

In this dry environment. the battery assembly can 
be handled, charged, and discharged somewhat like 
a standard golf-cart lead-acid battery. The potential 
for grounds is reduced and maintenance is minimal. 

The greatest danger occurs during the charging cycle 
when the batteries generate hydrogen and oxygen 
and must be safelyventilated out of the submersible 
or pod. 

External placement of the battery power source in 
a nonpressure-resistant container requires that the 
battery container be oil-fllled and compensated to 
allow for changes in ambient pressure. Oil-compen- 
sated batteries have been used in many submersible 
installations. but in the oil environment mainte- 
nance is high and requires a long turn-around time 
for recharging and battery replacement. The reliabil- 
ity of this type of power source is somewhat less than 
that of a dry battery but is acceptable when properly 
designed and maintained. 

3.2.3 High-pressure Gas Storage 

For emergency and normal use in submersibles, 
oxygen for Me support must be carried in some form. 
It is convenient to cany it as a compressed gas at  
high pressure to minimize the space required for this 
life-support gas. Storage of oxygen inside the pres- 
sure boundary must be carefully considered since an 
oxygen system leak can generate serious conse- 
quences. Escaping high-pressure oxygen can in- 
crease the submersible’s internal pressure and oxy- 
gen concentration, which will increase the 
flammability potential of many materials commonly 
found in a submersible, with the possibility of a small 
spark causing a lethal fire or explosion. Additionally, 
the increased oxygen concentration can exceed safe 
breathing limits. Internal storage of high-pressure 
air, if used for ballast blowing. etc., should also be 
carefuuy considered because it introduces similar 
overpressuring and oxygen concentration dangers. 
As a general rule, therefore, for reasons of submers- 
ible safety, it is preferable to install high-pressure gas 
containers external to pressure hull and to minimize 
the extent of system piping installed within the pres- 
sure hull. 

External storage of high-pressure gases is done on 
many submersibles with a high degree of reliability. 
The weight penalty of carrying gases externally is 
quite small compared to that of carrying the contain- 
ers inside the pressure boundary. Submersibles fit- 
ted with diver lock-out capabilities must also have 
storage for the mixed breathing gases which are 
required for the divers. 

3.2.4 Droppable Ballast 

One of the rapid ways of gaining buoyancy in an 
emergency recovery situation is to reduce the weight 
of the submersible by dropping ballast. There are a 
number of satisfactory alternatives to achieve a rapid 
reduction in weight. Many submersibles have a sys- 
tem whereby a single large weight can be released 
mechanically from inside the pressure vessel. The 
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release of lead or steel shot stored in free-fld 
containers or tanks provides a more controllable 
technique for gaining positive buoyancy when 
needed. Some submersibles have the ability to drop 
external stores. such as instrumentation packages, 
mechanical arms, and the external battery, in an 
emergency. Release of the buoyant pressure sphere 
or personnel compartment from the submersible 
frame, which then makes a free ascent to the surface, 
has been incorporated in submersibles. Notwith- 
standing the manner of gaining positive buoyancy, 
the submersible or section of the submersible hous- 
ing the personnel must come to the surface and stay 
on the surface in a relatively stable condition so that 
it can be recovered or towed to safety. The mecha- 
nism, whether it is mechanical, electromagnetic, hy- 
draulic, or other, must be such that a single acciden- 
tal and inadvertent action does not result in the 
release of the emergency weight. Regulatory agencies 
usually require two distinct actions to activate the 
release mechanism. In addition, systems using re- 
leasable weights or buoyant personnel compart- 
ments must be capable of functioning at large angles 
of inclination and also when the submersible is on 
the bottom. 

3.2.5 Testing 

The submersible designer need be constantly 
aware of vehicle safety while producing a cost-effec- 
tive design meeting all mission requirements. Assur- 
ance of vehicle safety and reliability can be gained in 
several ways. Selection of components and systems 
which have demonstrated high in-service reliability 
in similar applications is obviously an approach that 
can provide an acceptable, cost-effective design so- 
lution, but may not be the most desirable. Often, new 
materials, components, and systems can be selected 
which show great promise for reducing weight or 
space or both, while at the same time offering a 
significant improvement in performance. Because 
systems which have not been used in the sea water 
environment, particularly in the deep ocean, have no 
history of performance, such systems must undergo 
extensive testing before any confidence can be devel- 
oped that the system or component will perform 
reliably. Prior to incorporating new systems or con- 
cepts, the designer must give serious consideration 
to the extent of testing required to gain the needed 
assurance of safe and reliable operation. 

3.3 Piping Systems and Valves 

As a general rule, all piping and valves that must 
confine and control sea water to the designed oper- 
ating depth are considered part of a critical system 
demanding the most careful scrutiny by the sub- 
mersible designer. The designer should attempt to 
minimize or eliminate sea water piping inside the 

pressure hull boundary. Any design effort that re- 
duces the amount of high-pressure sea water piping 
inside the hull increases the inherent safety of the 
submersible. The inexhaustible supply of high-pres- 
sure sea water surrounding deep-ocean-operating 
submersibles must be treated by the designer with 
the greatest possible respect. 

3.3.1 Piping System lntegrity 

Piping systems inside the pressure hull should be 
designed with a minimum of mechanical joints to 
reduce the potential sources for leaks. In such a 
confined space, a measurable leak of any fluid or gas 
can seriously jeopardize both the safety of the occu- 
pants and the success of an operation. Protection by 
means of shields and covers should be considered for 
electrical and electronic equipment which must be 
colocated with high-pressure sea water piping. 
High-pressure pinhole leaks in sea water or hydrau- 
lic system piping can produce a fog-like effect which 
limits visibility and the ability to locate a leakquickly. 

Externally, a leak in a piping system will result in 
loss of the working fluid or, if the external sea pres- 
sure is greater, will flood the system, contaminating 
it and most likely rendering it inoperative. Flooding 
a system can also result in a decrease in buoyancy. 

A piping-flexibility analysis should be considered 
for critical piping systems-sea water, oxygen, high- 
pressure air, etc.-and hydraulic piping, to ensure 
that stress levels generated by internal pressure 
and hull compression at  depth are within allowable 
limits. 

Because piping system design is extremely critical 
to the safety of the submersible, steps must be taken 
during the design process to ensure the integrity of 
piping systems and appropriate specifications must 
be prepared covering fabrication, installation, and 
testing. Internal cleanliness of piping systems is also an 
important consideration. ?he designer should spec@ 
cleaning processes to be followed to remove oil in 
oxygen systems and foreign material that can be 
present due to construction in all systems. Systems 
with sophisticated and close-tolerance valves, such 
as the hydraulic system, are prone to maifunction 
when the system is not adequately cleaned. 

3.3.2 Sea Water Piping and Valves 

Sea water systems on a submersible are usually 
confined to the variable ballast, trim, and depth 
indication systems and to where cooling is required 
by sea water heat exchangers. The volume of sea 
water handled should be kept to a minimum, result- 
ing in piping sizes that are relatively small. All sea 
water piping systems, specifically these which must 
function at  design depth pressure, must be selected 
with care to ensure service reliability. Attention 
should be focused on 
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factor of safety at maximum operating depth, 
corrosion in sea water and under stress, 
erosion where high-velocity flow may be re- 

0 hydraulic water hammer where quick closing 

Sea water piping systems that enter the pressure 
hull should have quick-acting valves that are readily 
accessible to the operators. The valves should be 
selected for ease of operation and reliability and 
should be clearly labeled to show open and closed 
positions. If remotely operated valves are selected, 
provisions for local operation of the valves must also 
be made. 

quired, and 

valves are used. 

3.3.3 Air Fiping and Valves 

An air system is used for blowing ballast water 
from tanks generally to gain freeboard when the 
submersible is surfaced. The high pressures re- 
quired and the shockof changingvelocities ofairflow 
as valves are opened and closed must be considered 
in the design. The stop valves should be designed for 
slow opening to preclude a diesel effect when high- 
pressure air is directed into a dead-ended system. 
The air used in the system must have a low dewpoint 
to prevent ice formation at the control valves due to 
adiabatic expansion, which could cause a malfunc- 
tion of the system. Air filters, if installed, are partic- 
ularly susceptible to blockage by ice formation. 

Piping located external to the pressure hull must 
be designed not only to withstand the internal pres- 
sure but also must resist collapse due to external 
pressure. Valves in external systems operating at  a 
low internal pressure may require a special valve 
stem packing to prevent sea water at  a higher pres- 
sure from leaking into the system. Most valve stem 
packing is designed to withstand internal pressure. 

3.3.4 Hydraulic Piping and Valves 

The hydraulic system in most cases powers con- 
trol surfaces, valves, and other components critical 
to safe operation of the submersible. In addition to 
ensuring a reliable design and selection of compo- 
nents, the designer should take great care to avoid 
the possibility of salt water contamination in those 
portions of the system that are external to the pres- 
sure hull. It is prudent to select proven components 
wherever possible: if new concepts must be intro- 
duced. then they should be adequately tested under 
pressure and at temperature before they are incor- 
porated into a design. 

Any hydraulic piping and valves located inside the 
pressure boundary should have fabrication and in- 
stallation requirements similar to those applicable to 
specified sea water or air piping. A pinhole leak in a 
hydraulic system can atomize hydraulic fluid as it 
escapes into the atmosphere. The resulting mist may 

be toxic to personnel; it can also generate an explo- 
sive hazard. 

3.3.5 LifesUpprt System 

Specifications should be prepared clearly detailing 
oxygen-system cleaning procedures. The oxygen, 
piping, valving. and the storage must be specified 
and certified as being oxygen clean prior to filing the 
system and placing it in operation. The valves speci- 
fied should be slow-acting to avoid the danger of 
rapid compression resulting fiom the rapid release 
of high-pressure oxygen into a dead-ended system. 
Regulators must be specified as fail-safe to close with 
a manual bypass for use in an emergency. The 
introduction of the metabolic oxygen into the 
manned spaces of a submersible should be designed 
with outlet located in or close by the discharge of the 
carbon dioxide scrubber or other air-circulating ven- 
tilation component so that the oxygen is rapidly 
disbursed throughout the internal volume of the 
submersible. Oxygen has a tendency to collect in 
pockets, which creates a hazard by increasing the 
flammability of the material in an oxygen-rich locality 
or may result in an explosive mixture. 

3.3.6 Material Selection 

The material selection for the piping and valves 
used in sea water or exposed to sea water due to 
an external location must take cognizance of the 
effect of the salt-water environment on the material. 
The piping should be seamless and corrosion resis- 
tant; it should be designed to a recognized code or 
standard. The valves similarly should be corrosion 
resistant and be designed to a recognized code or 
standard. 

Piping connectors for critical systems (sea water. 
high-pressure air, oxygen, hydraulic, or other high- 
pressure systems) should be kept to a minimum and 
the type of joint-welded, silbraze, O-ring, etc.- 
should be justified by including information such as 
service experience, recognized standards, specifica- 
tions, etc. The connectors and piping systems must be 
of compatible materials as recommended by the con- 
nector manufacturer. (See Sections 5.4.2 and 5.6.1 
for mechanical-type fittings in use.) External piping 
and valves may have a need for cathodic protection 
if the various piping and valve components are made 
of dissimilar materials. 

3.3.7 Quality Assurance 

A comprehensive quality assurance and control 
system must be in place at the start of the design 
program. I t  should be initiated to support a review of 
the purchase specification to ascertain that the mate- 
rials are satisfactory for their intended use or service. 
A program that provides for the traceability of materials 
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and components kom receipt to final installation and 
testing should be established. Records maintained in 
support of the quality-assurance program must be 
complete, accurate, and available for survey by the 
regulatory agencies throughout the entire Construc- 
tion and testing process. Records should include all 
the results of the NDT conducted to establish mate- 
rial pedigree, weld, and silbraze pipe joint integrity, 
pressure hull weld integrity, hull circularity, etc. 

3.3.8 Hydrostatic Testing 

The designer should specify hydrostatic test re- 
quirements for all piping systems to demonstrate 
their strength and integrity prior to system operating 
tests. Piping systems are normally subjected to an 
internal hydrostatic pressure of 1.5 times the maxi- 
mum allowable system working pressure or at test 
pressures as required by regulatory agencies. Re- 
cautions must be taken so that clean systems are not 
contaminated during the hydrostatic testing. Piping 
systems outside the pressure hull should be hydro- 
statically tested for inside and outside pressure in- 
fluence. 

3.4 Environmental Systems 

In the closed environment of a submersible, the 
quality of the breathing air must be maintained 
within certain prescribed limits. Conditions in a 
one-atmosphere ambient are usually maintained be- 
tween 0.18 and 0.2 1 atm partial pressure for oxygen, 
and the carbon dioxide partial pressure should be 
held below 0.015 atm. For optimum personnel com- 
fort, the ideal humidity is between 50 percent and 
70 percent, and the temperature should be near 
21.1"C (7OOF). Within a submersible, however, the 
ideal conditions of relative humidity and tempera- 
ture are rarely achieved. Humidity and tempera- 
ture control equipment are power-consuming com- 
ponents and are often not specified for installation. 

In a submersible, carbon dioxide is considered a 
contaminant and can be removed using some form 
of carbon dioxide scrubbing equipment. Baralyme. 
Soda Sorb. or lithium hydroxide can be used as an 
absorbent for carbon dioxide scrubbing. Each has 
somewhat different characteristics and differs in ef- 
ficiency depending upon the temperature, the hu- 
midity level, and the quantity of carbon dioxide in the 
atmosphere. The designer has to determine the best- 
suited absorbent under the conditions of use and for 
the anticipated duration that the occupants will have 
to remain within the closed submersible. 

Many new materials, such as paints, that may be 
installed in a submersible off-gas during normal 
operations, and off-gassing is accelerated when the 
material is exposed to the high ambient temperature 
that can occur in the conflned space of thesevehicles. 
Some off-gas products can be detrimental to the 

occupants in a closed atmosphere after several 
hours. Aging new materials is one way to reduce 
off-gassing. To minimize the impact of off-gassing, 
operators should run equipment at  elevated temper- 
atures prior to initial sea trials, thereby reducing the 
quantity of off-gassing during normal operating modes. 

3.4.1 Environmental Control Systems 

The most important is the oxygen monitoring 
system. Alarm set points at the low and high allow- 
able range of oxygen will alert the operator of an 
abnormal deviation so action may be taken. The 
carbon dioxide is measured by portable detectors 
such as Draeger detection tubes. Although carbon 
dioxide generation cannot be controlled because it is 
a product of respiration, carbon dioxide must be 
absorbed using a carbon dioxide scrubber when 
measurements indicate it has reached maximum 
allowable limits. 

Trace gases such as methane and carbon monox- 
ide are usually not monitored since the evolution of 
these gases is extremely slow and would not rise to 
harmful partial pressures during a dive duration. 
Humidity can become quite high, approaching 100 
percent and causing hull condensation to occur. 
Electrical equipment must be protected from this 
condensation. 

In a lock-out compartment, the breathing mixture 
is a helium-oxygen mix which is provided the occu- 
pants in accordance with the diving gas schedule. In 
a helium-oxygen mixture, temperature control of an 
atmosphere is recommended and provisions for re- 
ducing the loss of diver body heat is required. Carbon 
dioxide scrubbers also must be provided in the lock- 
out chamber. 

3.4.2 Emergency Breathing System 

It is essential that submersibles be fitted with an 
emergency breathing system in the event the sub- 
mersible atmosphere becomes contaminated. A 
closed-loop system for use in these conditions is 
required by regulatory agencies. This equipment pro- 
vides emergency breathing for up to 24 h and in 
addition will conserve body heat if the occupants 
wear exposure suits, which should be provided as 
part of the emergency equipment. 

3.4.3 FireFighting 

The most probable origin of a fire in a submersible 
would be electrical in nature. Insulation, when over- 
heated, could smoulder and generate smoke, con- 
taminating the atmosphere and requiring the use of 
the emergency breathing system. Because the use of 
any type of fire suppressor may further contaminate 
the atmosphere, the selection of a means of sup- 
pressing a fire requires close examination of alterna- 
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tives. Prevention of electrical f ies by use of circuit- 
overload protection devices and shielding of electrical 
components from salt-water spray due to a piping 
failure must be given careful consideration. 

Prudent action in case of a fire in a submersible 
dictates the immediate use of emergency breathing 
equipment and a return to the surface to allow 
ventilation of the interior and to make possible fire 
suppression action by support ship personnel. The 
designer should review the latest available fire- 
fighting and suppression equipment to determine the 
possibility of their safe use in the closed atmosphere 
of a submersible. 

3.6 Electrical and Electronic Systems 

Control and communication systems are critical 
to the safe and efficient operation of submersibles. 
The signals and power must pass through the hull 
and must be distributed outside the pressure hull 
boundary in the very harsh environment of sea water. 
High humidity inside the submersible can also pre- 
sent a difficult environment for these systems. Highly 
reliable components and wiring must be selected if 
these systems are to operate effectively in the face of 
these conditions. Past failure reports from submers- 
ibles reveal that electrical and electronic failures 
have been responsible for most of the delays in 
planned operations and that such failures can hinder 
the safe operation of the vehicle. 

3.5.1 Electrical Systems Integrity 

In Section 3.4. internal and external power 
sources were briefly discussed. The integrity and 
reliability of the electrical power sources must be 
high. Failure of a submersible’s power source consti- 
tutes a serious casualty that will in almost all cases 
terminate a dive. Quick-acting electrical-protection 
devices designed to operate in the submersible envi- 
ronment are essential to minimize damage and to 
switch to alternate standby power sources. External 
electrical cables should be selected for their ability to 
prevent sea water migration through an open or cut 
end and where connections to equipment junction 
boxes are required. Internally, the wiring should be 
selected having high-temperature-resistant insula- 
tion. Control switches and controls should be posi- 
tioned so as to provide the crew access for rapid 
operation in case of emergency. Consideration 
should be given to the incorporation of a kill switch 
to cut off all power in case of an electrical malfunction 
which may threaten the safety of the occupants. A 
ground-detection system with an alarm should be 
installed as a means to monitor any deterioration of 
the electrical system integrity, especially the main 
power supply. 

Dry power-source systems are less susceptible to 
sea water grounds, but the power system overall is 

heavier. The power penetrators are large in order to 
accommodate the current required by the propulsion 
and thruster systems. Dry systems are more easily 
serviced and can be completely removed when dis- 
charged and replaced by a fully charged system. This 
can shorten significantly the turn-around time be- 
cause the charging time of the battery is not a 
controlling factor. 

Oil-compensated external power sources have 
been used on the majority of submersibles. Various 
devices to reduce the electrolyte contamination dur- 
ing charging are available and provide reliable ser- 
vice. Compensating oil can become contaminated 
with electrolyte carry-over or sea water; when this 
situation occurs, grounds develop quickly. Reducing 
the ground to an acceptable level to conduct further 
operations may require a long period of time. Com- 
pensated systems should be fitted with a sea water 
indicator capable of detecting very small quantities 
of water in order to permit early corrective action. 

Emergency power supplies, usually dry cells or 
rechargeable batteries, are provided for emergency 
communication equipment, carbon dioxide scrubber 
blower motor, and emergency lighting. Regulatory 
agencies require a minimum duration of the emer- 
gency power supplies to assist rescue efforts. 

3.5.2 Electrical/Ekctronic Penetrators 

A variety of components are available for bringing 
power and signals through the hull. Each manufac- 
turer has a particular technique to prevent sea water 
from coming in contact with the conductors as they 
go through a hull penetrator. Some are more reliable 
than others insofar as electrical or electronic perfor- 
mance is concerned, but there is a universal require- 
ment that if a cable is cut or severed the sea water 
will not enter through the penetrator to the interior 
of the hull. The selection of the penetrator type 
should be based on the operational characteristics of 
the submersible and the degree of inherent safety to 
be provided to the operators and submersible. The 
penetrators must be of a type approved by regulatory 
agencies and must be tested in accordance with the 
agencies’ requirements. Unless there are very special 
requirements which cannot be satisfied by one of the 
available types of penetrators. the prudent course of 
action, from the point of view of both safety and 
reliability, is to select a penetrator type that has been 
proven in at-sea service. 

3.5.3 Sensors 

The field of vision from a submersible is very 
limited when the vehicle is operating submerged. For 
nearly all missions, it is essential that this limitation 
be overcome by the use of various devices, such as 
sonar, lighting, and underwater television, to provide 
the operators with information on the immediate 
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surroundings. Other sensors are required for safety, 
such as depth indicators, obstacle avoidance sonars, 
compasses, and speed and distance logs. These sen- 
sors enable the operator to fix his position iri hydro- 
space and anticipate dangerous situations. Regula- 
tory agencies require that surface and underwater 
locating devices be fitted to allow surface support 
components to continuously track the location of the 
submersible. Reliability of these sensors is obvi- 
ously essential for safety of operations and plays a 
key role in completing mission tasks in a timely 
and efficient manner. Again, equipment with a 
demonstrated history of reliable at-sea perfor- 
mance should be considered. 

Hydrostatic testing to design operating depth in 
test tanks for the external components prior to initial 
sea trials is highly recommended. 

3.6 Outfitting for Emergencies at Sea 

All sea-going craft are required to be suitably out- 
fitted to assist rescue efforts during emergencies. Reg- 
ulatory agencies specify many elements of the emer- 
gency outlit. listing the systems and equipment that 
must be installed and operational on a submersible, 
including underwater telephones, emergency sonars 
for vehicle localization, exterior paint schemes to 
assist in positioning rescue gear, and individual sur- 
vival outlits. Where feasible, individual survival out- 
fits should be provided which preserve occupant 
body heat and absorb carbon dioxide in a closed-loop 
breathing mask. Such personnel survival outfits are 
usually designed to be effective for at least 24 h. 

3.6.1 Emergency Communication Systems 

Emergency communication while the submersible 
is submerged is a mandatory requirement of the 
regulatory agencies. The communication equipment 
selected to satisfy these requirements must transmit 
and receive at  specified frequencies and effective 
range and must be supported by a power source that 
can provide power for a specified time period. On the 
surface, the submersible must be fitted with an 
emergency radio capable of transmitting at a desig- 
nated distress frequency. 

3.6.2 Locators 

Both the launching platform or mother ship and 
the submersible should be equipped with a sonar 
system that permits tracking the submersible’s po- 
sition while submerged. The submersible should 
have an installed transponder which will enable the 
locating device to receive the signal and track the 
submersible while submerged. A pinger transponder 
with its own battery supply, designed to have an 
operating life of several days, should be fitted on the 
submersible, enabling the mother ship’s sonar locat- 

ing system to receive and track the pinger’s signal. 
In addition, high-intensity. strobe-type flashers can 
be used for locating the submersible underwater. A 
flashing light is useful also for locating and tracking 
a surfaced submersible, especially in poor visibility. 

3.6.3 High-Visibility Painting schemes 

In high sea states when the submersible is on the 
surface, a paint scheme using international orange 
on the superstructure is highly desirable and recom- 
mended by regulatory agencies. Paint schemes are 
also very useful in emergency recovery situations for 
identification of special equipment and fittings that 
are a part of the submersible’s emergency outlit and 
to establish the overall orientation of the submersible. 

3.7 Testing and Documentation 

From the beginning of the design of a submersible, 
the sponsor, designer, fabricator, and test organiza- 
tion must be cognizant of the fact that the submers- 
ible and the documentation associated with its de- 
sign, construction, and testing will be subject to 
inspection and review to assess the ability of the 
vehicle to operate safely. The assessment may be 
made by the user or a third party, usually the 
regulatory agency. This assessment is an in-depth 
review of the traceability of the material, the records 
of the NDT, the qualifications of the welders and 
welding procedures, the qualifications of “I’ per- 
sonnel, and many other materials and workmanship. 
Guidelines have been prepared by regulatory agen- 
cies, the U.S. Navy, and U.S. Coast Guard for use by 
the designers. fabricators, users, and others specify- 
ing the areas in which plan approvals, documenta- 
tion, operator procedures, testing, and manuals are 
required. Section 4 contains the titles of the various 
regulatory agency publications which can be used 
during all the phases of design, construction, and 
testing of any newly built submersible. 

3.7.1 Regulato y Requirements 

The sponsor of the submersible, the designer, the 
fabricator, and other management personnel must 
be familiar with the certification requirements of the 
applicable regulatory agencies. The collection and 
review of all the documentation for the construction 
material, its fabrication, components, testing, as- 
sembly, and NDT must be established at  the start of 
the construction. The documentation is extensive 
and is subject to an in-depth survey prior to initial 
sea trials. 

3.7.2 Design Considerations 

Starting with a requirement for a submersible to 
perform a particular set of mission tasks, the design 
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evolves from concepts to feasibility studies to prelim- 
inary designs to fabrication drawings. During the 
numerous iterations involved in this design process, 
the design team must be concerned that the end 
product will be capable of performing safely and 
reliably all mission tasks. Compromises must always 
consider the safety aspects involved during all 
phases of the submersible’s operating life-from 
launching from a mother ship to operation at depth 
to retrieval. I t  must be clearly understood that new 
and novel designs of system or subsystems will 
require more extensive design review and analysis 
and testing of hardware. The use of new or uncom- 
mon materials will require proof testing that it can 
be formed, joined, has predictable and consistent 
physical properties, and will have an acceptable 
operating lifetime. 

3.7.3 Materials 

Selection of materials for the hull structure 
boundary, including castings, fasteners, electrical 
and piping penetrators. the piping systems, buoy- 
ancy systems, viewports. and other vital components 
of the submersible. must be done with great care. The 
ability to join, form, and install material and compo- 
nents must be known and understood at the outset 
of the design process, or in-depth testing must be 
undertaken to establish their suitability. The various 
pieces and parts that comprise the vital or critical 
systems of the submersible must have their source 
and pedigree documented and NDT tests and inspec- 
tions documented: these records must be traceable 
and verifiable at any point in the construction pro- 
cess and during the life of the submersible. In this 
way, the entire assemblage can then be certified by 
users or regulatory agencies. Emphasis must be 
placed on extensive testing of new and novel materi- 
als which have little service experience for compati- 
bility in sea water. Reference should be made to 
Section 5.2 for additional information on selection of 
materials. 

3.7.4 Fabrication 

Fabrication processes and methods to be em- 
ployed involving vital systems and components 
should be carefully specified where there is the pos- 
sibility of modifying the characteristics of materials. 
reducing the thickness of materials below allowable 
limits, introducing significant residual stresses, etc. 
Tolerance limits for deviations from nominal speci- 
fied geometry must be established in the early stages 
of the Anal design. 

3.7.5 Testing 

Comprehensive testing of materials, piping, and 
electrical components and systems, and all other 

elements that will be a part of the submersible’s 
structure or systems is imperative. Documentation 
in a format that ensures traceability of such tests and 
inspections is essential. Testing is verification that 
the material is as specified by the designer, that the 
fabrication is within the specified tolerance, and that 
the system as assembled will perform in accordance 
with the specification. Testing must demonstrate not 
only its functional ability but also that it will perform 
safely and efficiently in the sea water medium at 
depth and at  the anticipated temperatures. Docu- 
mented testing establishes a confidence level which 
is very important to the operator, occupants, and 
users of the submersible. 

3.7.6 Re-Sea Trials Testing 

Testing should be done both at  the component 
level, such as testing hull penetrators. and at the 
system level. such as testing a completed steering- 
control system. Dry tanks for batteries can be hydro- 
statically tested prior to initial sea trials. A submers- 
ible of such a size that it can be accommodated in a 
hydrostatic test tank offers the opportunity to con- 
duct the equivalent of at-sea deep dives under con- 
trolled conditions with a low level of risk, yet achieve 
a high level of confidence that the submersible will 
be safe at test depth. The test depth, when using such 
a tank, should be between 1.10 and 1.25 times the 
design operating depth (assuming the pressure hull 
was designed to a factor of safety of 1.5 collapse to 
operating depth), and the use of strain gages at 
strategic locations on the submersible’s pressure 
hull allows documentation that stress levels re- 
mained within allowable limits. 

When all the components, subsystems, and sys- 
tems amenable to hydrostatic testing and functional 
testing are installed on the submersible integrated 
system, testing can be conducted and results docu- 
mented. These results are reviewed by designated 
personnel and surveyed by representatives of the 
user or regulatory agencies. Whenever possible it is 
prudent to request that the integrated testing be done 
by the operators, since this provides some of the 
training required before the submersible conducts its 
initial submergence trials. Obviously, any discrep- 
ancy in any installed system must be corrected if it 
would impair in any way the safety of the submers- 
ible’s operation. 

3.7.7 Initial Sea Mals and Deep Dive 

Safety considerations for manned initial sea trials 
suggest a conservative approach with a sea trial 
agenda that specifies the submersible undergo trials 
necessary to prove operational reliability of the vari- 
ous systems prior to making an excursion beyond a 
shallow diving depth. Preparation for conducting an 
initial dive to a specified shallow depth should in- 
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clude a review of documentation of the material used, 
qualification of the welders and welding procedures, 
results of out-of-roundness checks, NDT records of 
welds, brazing of pipe, etc., results of system testing, 
results of hydrostatic testing, insulation testing, and 
many other tests and outfitting checks to verify 
proper fabrication of the submersible. This review 
may be conducted by the construction activity in the 
presence of regulating agency representatives or by 
the regulatory agency itself. When the review is sat- 
isfactorily completed, the submersible and operators 
are permitted to make the initial excursions to shal- 
low depth under strict surveillance by the accom- 
panying mother ship or launch plafform. Usually a 
representative of the regulatory agency will be an 
observer of the trial. 

Following satisfactory completion of a shallow- 
depth dive, a deep dive to the design depth can be 
undertaken. Normally, deep-dive agenda require that 
the depth be increased in increments and that at 
each specifled depth the submersible pause to allow 
all the systems to be operated to check the functional 
response for each system at the new depth. If the 
submersible has not been tested in a hydrostatic test 
tank to 1.25 design operating depth, it is possible 
that a submersible, unmanned with appropriate 
strain gages, can be lowered on a tether to between 
1.10 and 1.25 times the design operating depth. This 
test can generate the need for some special handling 
and remote test readout facilities involving consider- 
able time and added expense. This test must be 
witnessed by the applicable regulatory agency. After 
hydrostatic testing or at-sea deep dive testing, all 
welds in the pressure-resistant structure should be 
examined for cracks and results recorded. Additional 
checks may be required by regulatory agencies. 

3.7.8 Certiiation/ClassiJcati.on 

This milestone is reached when analysis of the 
results of at-sea trials, including the deep dive, is 
complete and found to be satisfactory. The documen- 
tation of satisfactory completion of sea trials com- 
bined with the pre-sea trial survey of construction 
documentation should lead to the assurance of a 
certificate by the regulatory agency. The certificate 
will show the depth for which the submersible is 
certified and the conditions both for keeping the 
certificate valid and under which it will remain valid. 

3.7.9 periodic sunteys 

Regulatory agencies have specifled the periodicity 
for conducting recertification of submersibles. The 
rules of the various agencies specify the systems, 
subsystems, and components to be surveyed and the 
maintenance records requiring review. A regulatory 
agency also may require that a special survey be 
conducted which can be more encompassing and 

which must be conducted in the presence of the sur- 
veyor to keep the submersible’s certification current. 

Records which have been prepared during the 
fabrication, construction. and testing of the sub- 
mersible should be retained for a length of time 
commensurate with the operating life of the sub- 
mersible. Records of the material tests, NDT results, 
and system test results are important should failures 
or casualties occur on the submersible. With these 
records, causes of maKimctions may be identified. 

4. Background of U.S. Navy and 
Classification Societies’ Involvement 

in Submersible Safety 

The U.S. Navy, with its fleet of combatant subma- 
rines, has a strategic interest in extending its knowl- 
edge of the worlds oceans. Until the mid and late 
Wties, most of the Navy’s oceanographic information 
was gathered by surface ships probing the ocean 
from above. In the early fifties, with technical assis- 
tance from the worlds most renowned balloonist, 
Auguste Piccard. and his son. Jacques, the Navy 
obtained its &st deep-diving manned submersible. 
Christened the Bathyscaphe Meste I. on January 8, 
1960. with Dr. Jacques piccard and Lt. Don Walsh of 
the U.S. Navy on board, the submersible dove to the 
deepest part of the ocean (10 912 m (35 800 ft) in the 
Marianas Trench off Guam]. Adventurists/scientists 
like these influenced the Navy’s scientific community 
to direct more attention to the use of the submersible 
for probing the oceans. 

Industrywas quick to recognize the market poten- 
tial for the noncombatant submersible. The oceanog- 
rapher, geologist, and marine biologist were being 
offered the chance to study and observe the ocean 
environment at &st hand. In a relatively short pe- 
riod, a number of submersibles of various configura- 
tions were made available to the Navy, for sale or 
lease. The sixties was being heralded as the decade 
for exploring and developing “inner space,” our new 
Golconda. It was in this early sixties period when the 
Navy suffered a disastrous casualty to one of its 
nuclear submarines. 

On April 10, 1963, while engaged in a deep test 
dive approximately 370 km (230 miles) off the north- 
east coast of the United States, the nuclear subma- 
rine SSN 593 (USS W e s h m )  was lost at sea with all 
persons aboard. The Navy immediately put a restric- 
tion on all of its submarines, a court of inquiry was 
convened and the following actions resulted The 
Hon. Fred Korth, then Secretary of the Navy, directed 
the Chief of Naval Operations to prepare a plan for 
establishment of a submarine safety organization. In 
addition, Admiral E. C. Stephan, then head of the 
Deep Submergence Systems Review Group. initiated 
four actions: he assembled a cadre of experts on 
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location, recovery, search, and operation of deeply 
submerged objects; he initiated and had completed 
a documentary review of all existing literature on this 
highly involved subject; he had his group solicit ideas 
from more than 200 industrial concerns. the scien- 
tific community, and other government agencies: and 
he instituted a study of the ocean environment itself 
as it pertains to the practicality and feasibility of rescue 
or recovery or both of deeply submerged objects. 

The foregoing is a thumbnail sketch of the Navy's 
involvement with the use of the submersible and its 
concern with their safe application up to the early 
sixties. It was sparked by successful adventures 
with the submersible Trieste and then driven by 
fate into a frenzied pace to develop rules of safety and 
to profit kom lessons learned as a result of the 
Thresher disaster, while reducing the possibility of 
any reoccurrences of such misfortunes that might 
slow our future advancements in the use of the 
submersible. 

By December of 1963. the Navy had h e d  its 
program for reestablishing maximum reasonable as- 
surance that new and existing combatant subma- 
rines could again operate unrestricted. 

Increased emphasis on the use of the submersible 
for oceanographic research in the early 1960s had 
significantly expanded the number of Navy leased or 
owned noncombatant submersibles. With the 
Thresher disaster still fresh in mind, there was a 
growing concern in the Navy over the safety of people 
using these submersibles. 

4.1 Formal Noncombatant Submersible Safety 
Program 

To alleviate the Navy's concern for the safety of its 
people, the Secretary of the Navy in mid June 1966 
instructed the Chief of Naval Operations to establish 
policy for assuring the safety of Navy people engaged 
in the use of the noncombatant submersible. The 
major points to be considered were 

the competence of the submersible pilots: 
the operational control of the submersible: and 
the material and proceduml adequacy of the sub- 
mersible, that is. safety certification. typically 
-the design and materials chosen must be safe, 
-the craft must be properly built and tested to 

-the craft must be operated and maintained 

Thus began the fist action to assemble procedures 
and criteria into a guidance document that would 
provide acceptable levels of personnel safety 
throughout the operating ranges of a submersible. 

Note that, with the exception of specific regula- 
tions imposed by the Canadian Ministry on the 
submersible Auguste Piccard and the U.K. Depart- 
ment of Trade, Merchant Shipping Regulations of 
1981 (Submersible Craft Construction and Survey), 

the design, and 

safely. 

there are few laws governing the design and con- 
struction of the noncombatant submersible. Despite 
the fact that several bills have been introduced to 
the U.S. Congress to grant regulation of submers- 
ibles to the U.S. Coast Guard, none of these has been 
passed. 

The f is t  formal document covering submersible 
safety procedures was issued by the U.S. Navy in 
1967, Material Certifiation procedures and Criteria 
Manual for Manned Noncombatant Submarines [2]. 
Since this document applied only to submersibles 
used by the U.S. Government. the Navy worked with 
the American Bureau of Shipping to see that sub- 
mersible safety criteria and guidelines were available 
to the civilian sector of the industry. In parallel with 
this work, the Marine Technology Society's Undersea 
Vehicle Committee was generating a set of general 
design guidelines relating to the safe operation of 
submersibles. 

In 1968. the following two documents were 
published: 

Marine Technology Society, "Safety and Operational 
Guidelines for Undersea Vehicles." 

American Bureau of Shipping, "Guide for the Classi- 
fication of Manned Submersibles." 

During the 1970s. the ship classification societies 
of many European countries issued documents cov- 
ering their particular requirements for classification 
of submersibles. 

197 1: Germanischer Lloyd, 'Regulations for the 
Classification and Construction of Submers- 
ibles." 

1973: Lloyd's Register of Shipping, 'Rules, Regula- 
tions and Guidance Notes for the Construc- 
tion, Classification and Planned Inspection of 
Submersibles." 

1974: Det Norske Veritas, "Tentative Rules for Con- 
struction and Classification of Submersibles." 

1975 Det Norske Veritas. 'Rules for the Construc- 
tion and Classification of Diving Systems." 

1976 Bureau Veritas. "Rules and Regulations for 
the Construction and Classification of Sub- 
mersibles." 

1973: U.S. Navy, "System Certification Procedures 
and Criteria Manual for Deep Submergence 
Systems." 

1974: Marine Technology Society, "Safety and Op- 
erational Guidelines for Undersea Vehicles- 
Book 11." 

1976 U.S. Navy, "System Certification Procedures 
and Criteria Manual for Deep Submergence 
Systems." 

Continued interest in submersible safety led to the 
publication in 1979 of three documents: 

American Bureau of Shipping, "Rules for Building 
and Classing Underwater System and Vehicles." 
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Marine Technology Society, 'International Safety of 
Standard Guidelines for the Operation of Undersea 
Vehicles." 

Lloyd's Register of Shipping, 'Rules and Regulations 
for the Construction, Classification and Planned 
Inspection of Submersibles and Diving Systems." 

The early documents released for use in the sub- 
mersible safety field were directed toward the sub- 
mersible itself and were usually in the form of guide- 
lines or guidance notes or were tentative or 
preliminary in nature. In later editions, these docu- 
ments took the form of specific rules and regulations 
for the construction and inspection of submersibles 
to be 'classed" by the various ship-classification 
societies. In addition, as these later revised rules 
were published, many of them were expanded to 
include other forms of undersea equipment, such as 
tethered submersibles, diving bells. transfer cham- 
bers, and habitat/work chambers. While not all sub- 
systems are similar between diving systems and 
submersibles, there is little difference in the safety 
requirements or systems of a lock-out submersible 
and roving diving bells. 

5. U.S. Navy and Classification Society 
Requirements for Submersible Safety 

The following is intended to provide a detailed 
summary of safety requirements that have been 
established through the joint efforts of the U.S. Navy 
and various classification societies which, if followed, 
can lead to certification of a submersible for at-sea 
operations to its specifled mission capabilities. 

6.1 Design Parameters for Submersible Safety 

A number of design parameters must be consid- 
ered initially by the naval architect and builder in 
order to provide maximum reasonable assurance for 
the safety of the submersible occupants. In all cases, 
material selection, design, and fabrication tech- 
niques should be justified in accordance with recog- 
nized and accepted practices. Proper consideration 
should be given to complex configuration and inter- 
section, cyclic fatigue, and low-temperature require- 
ments. 

Prudent application of various available codes, in- 
structions, and standards to the submersible will pro- 
vide a valuable base-line for the designer and builder. 
Such design pmctices include American Society of 
Mechanical Engineers (ASME) Code section WI, Divi- 
sion 1 and 2. ASME Code Section III, ANSI/ASME 
PVHO-1, and NASA Instruction KMI 8610.6, Attach- 
ment A: 'Minimum Criteria for Operation Involving 
Personnel in aVacuum/Oxygen Environment." in ad&- 
tion to a myriad of Military Standards and Spedcations. 

In addition to those documents mentioned above, 
the following design criteria have been specifically 
developed to satisfy submerged safety design param- 
eters? 

6.2 Matching of Materials and Components 

Experience has shown that submersible designers 
must be constantly aware of the need to match 
materials and components carefully to the expected 
service environments. Such things as relative loca- 
tion, compatibility in salt water, galvanic potential of 
dissimilar metals, service life, previous history of ser- 
vice. etc., are extremely important for a good design. 
Above all, designers must always be prepared to just@ 
the materials and components that are specified for the 
submersible. It should be recognized that designers 
must be given latitude in their design of submersibles 
and that new materials/components and new applica- 
tions of time-tested materials/components. along with 
new configurations, may be employed. Conversely, 
it is also recognized that the less experience avail- 
able with materials, components. or application. the 
greater the burden upon the designer to just@ the 
adequacy of the design. To aid the designer in this 
regard, it is suggested that materials and compo- 
nents be placed into three groupings: 

Group 1:  Materials and components with which 
there is both considerable fabrication experience and 
considerable operating experience in the intended 
environment and application. 
Group 2: Materials and components which have 

not been used extensively in similar applications but 
are classed as conventional due to identification by 
Military Specifications, Federal Specifications. or 
recognized American Commercial Standards such as 
those published by ASME or ASTM. Materials or 
components available as standard stock items built 
to a recognized commercial or Federal standard will 
be considered in this category. Examples of materials 
and components that are currently considered to be 
in this category are certain types of aluminum, tita- 
nium, and some high- and low-strength steels. The 
determination of acceptable properties and allowable 
operating stress values will be based on the recom- 
mendations and supporting information provided by 
the designer. 

Group 3: Materials and components for which 
definitive information and experience are not avail- 
able. The basis for testing and the criteria for accep- 
tance of new materials and components will not 
automatically be the same as for those currently in 

%e information presented hereinafter was extracted for the 
most part fmm material that has been assembled into the unclassi- 
Red N d  Ship System C o d  Procedures and Crfteria Manual 
for Non-Combatant Submersibles. NAVSHIPS 0900-028-2010 of July 
1967, which was updated in 1973 and later replaced by the Ptvce- 
dwes and Critetfa Mcvucal for Deep Submergence System. NAVMAT 
P-9290 of June 1976 121. 
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