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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/classification 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 (AUVs), 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 Submersible 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 iIn 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.

The book is composed of eight chapters—seven of them providing essential input
to the submersible design process discussed in Chapter 1. Very brief overviews of
these chapters are given to provide an overall perspective of the book.

Chapter 1, “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
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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-
clation of the range of submersible characteristics.

Chapter III, “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 world’s 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—specifically, 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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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 |

The Basic Design Process

E. E. Allmendinger

1. Introduction

of manned submersible vehicle systems and,

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

Tws CHAPTER is concerned with the basic design

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 internal 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.
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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
fllustrated 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/performance requirements, the latter being
derived from the former, and post-design experti-
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 varfous 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, technical feasibility and cost-effectiveness,
are discussed. The empirical and systematic para-
metric analysis approaches to conceptual design are
considered. The empirical approach is modelled by
the design 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. It 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 Submersible 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 individual
or (I) systems, each enclosed by its own boundary,
fllustrating 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, (I;) is the submersible, (I)) a
transport aircraft, (Ig) a surface support ship, and so
forth—the last individual system, whatever it may be,
is designated (Ipp.

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 () 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 individual or
(S) systems. Examples of (S) systems shown in the
figure include (S;) hull structure, (Sp) propulsion
plant, (Sy) electrical plant systems, and so forth—the
last system being (Sy). 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 Nis either 6 or
7 as indicated. Note also that in the submersible
system shown in Fig. 1 the (S) system boundaries
enclose “i" (SS) subsystems. For example, the (S))
hull structure system would enclose the (S;S;) shell
plating (the pressure hull), (5;S2) 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 i{solated, 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 (1), (S). or smaller system also
begins with at least some of its individual systems
existing. These existing systems, requiring no or
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The Mission System and Design Inputs
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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 (1) systems, which should achieve the
design goal of satisfying a given set of mission require-
ments inasopttmalamanneraspossibleoons
the design constraints acting. This statement intro-
duces the topics of design optimization and design
constraints which are discussed briefly in the follow-

ing paragraphs.

2.3 Design Optimization

Optimizing a mission system’s design is usually
based on maximizing its cost-effectiveness (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 of which 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.






maximize on task-site hours per dive day. In the first
fnstance, 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 fine 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/retrieval 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 stern 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. It 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
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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 () 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 layup
days, include those which must be set aside for
activities such as overhaul, refit, inspection/certifica-
tion procedures, and so forth as well as idle days
resulting from 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 nondive 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, from, and between stations or operating
areas, (3) endurance of the support system, (4) main-
tenance and repair facilities, and (5) limiting
weather /sea-surface conditions for operation and
survival.

Consideration (1) focuses on the virtues of keeping
(I) system components as simple and rugged as
possible, thereby promoting system safety and rel-
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
assoclated 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 requirement. 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
outfitted 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
survival 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 transport-support, submersible, and
launch-recovery systems.

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 platforms
under given sea conditions. The use of submarines
leads to a “a break with the surface” altogether. This
system cholce 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



(1) enhancing the submersible’s surface conditi>n,
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-frame system
located at the support ship's stern. 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 (MEDC)—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
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system in question. MEDCs imposed on system de-
sign may come from a few or several of the following
sources: (1) environmental, (2) technological, (3) eco-
nomical, {4) legal/quast-legal, (5) political, (6) soclo-
logical, (7) physiological, and (8) psychological 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
specific 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 final 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 finished 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 anticipatory judgment 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,
five years will provide the indispensible lead-time
required for this process.

Mission internal design constraints (MIDC)—The
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 (I;) and aircraft {I,) are “coupled,” or
“interactive,” systems, as are the submersible (I;)
and the surface ship (I3) systems. On the other
hand, the (I5) and (I3) 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 (I;) and () systems. The
(I) system imposes strict weight and size con-
straints on (I;), whereas (I;) may only require minor
alterations in (I;)—perhaps modifications in han-
dling equipment and tie-down gear. Consequently,
these constraints are represented in Fig. 1 by the
heavy-tipped vector from (I5) to (I;) and the light-
tipped vector from (I;) to {Iy). As a second example,
consider two (S) subsystems of a manned submers-
ible—man and the life-support systems which are
not shown in Fig. 1 but are here arbitrarily desig-
nated as (S5S;) and (S5S,), respectively. The “exist-
ing” system, (S5S,), exerts considerable influence on
the design of (S5S;) by reason of man's physiological
requirements. In turn, (SsS,) can only impose limited
constraints on (S5S;), requiring that man be “altered”
by increasing his knowledge and skills so that he can
operate the (S5S,), 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
costs.

Design criteria (DC}—These 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 pre-design process—This process leads to the
formulation of the basic input to the design process—
the mission(s) statement(s) and associated mission
requirements. It 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/commercial, (2) military, (3) scientific, 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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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
preliminary design 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 process—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-
fcally 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 general, 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 {f necessary.

3. Estimation of capital and operating costs of
() 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. Reflning and firming-up characteristics and
cost estimates of the (I} systems composing
the optimum conceptual design(s).

The conceptual design stage of basic design is con-
cerned with the first four of these functions—func-
tion four, herein, is based on cost-effectiveness as
the optimization criterion. The preliminary design
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
Jfeasibility studies and completion of the optimum
conceptual design(s) 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
MS;, MS, ... MS; where “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 of which 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(s).

Combinations of (I) systems forming mission sys-
tem alternatives may vary in number, type/capabilt-
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 profile, derived
from mission requirements, is useful in providing
functions and time-frame 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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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
traller, an aircraft, a surface ship, and a submarine,
were necessary to provide land, air, sea-surface, and
sub-sea transportation. Status refers to the new con-
struction or existing state of the (I) systems and whether
they are to be owned, leased, or chartered—all options
affecting the “operating cost per year” term of the
cost-effectiveness equation in Fig. 2.

Figures 3 and 4 show a “feedback line” from
conceptual design to the mission requirements
which indicates that certain variations in perfor-
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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(s) 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(s) 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(s), 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 successfully 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. It
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: construction/ alteration, test
and evaluation, 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-
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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.



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
welght-accounting purposes. The SWBS is dis-
cussed in that chapter.

Paralleling SWBS for this purpose leads to the
identification 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
- Propulsion Plant System

a. Energy Generating System

b. Propulsion System

¢. Special Purpose System
. Electrical Plant System
a. Electrical Power Generation System
b. Power Distribution System
¢. Lighting System
d. Special Purpose System
Command and Surveillance System
a. Command and Control System
b. Navigation System
¢. Communication System
d. Surveillance System
e. Special Purpose System
Auxiliary System

. Human System
Life Support System
Alr, Gas and Miscellaneous Fluids Systems
Submersible Control System
Mechanical Handling System
Special Purpose System
tfit and Furnishings System
Fittings System
Hull Compartmentation System
Preservatives and Covering Systems
Furnishings
Special Purpose System

7. Armament System

Several of the above (S) systems have components

whose weights vary during a particular dive as well

pappp
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as those whose "veights remain constant, or fixed,
during the dive. In design weight-accounting proce-
dures, the variable components are listed separately
from their systems’ fixed-weight components—this
list often being called the load 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—fuel, oxidants, lube ofl,
fresh water and supplies
System operating fluids which vary during
the dive owing to compression/expansion
Mission system variable solid weights—
weights on/off loaded during the dive
Variable ballast/trim
a. Seawater
b. Solid weights—used to compensate for
items of mission system weights on-loaded
during dive
Main ballast
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.

C.

d.

3.

3.2 Hull Structure System

Several SWBS groups compose this system. They
can be combined into the structural and special

purpose systems.

Structural systems—All 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
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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 are within this hull,
although there might be for very large submersibles.

External structure consists of the exostructure,
Joundations, 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 framing 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 flberglass plating and a supporting framing sys-
tem. Its surface, alone or in combination with the
exterfor 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-frame submersible. Examples
include the fairing or “sail” protecting the access
hatch and structural castings for the stern planes
and rudder—the latter two appendages themselves
are parts of the ship control system.

Special purpose system—Fixed ballast and fixed
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.

14

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
first 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 utilize 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



primary energy source and energy conversion sys-
tems are carried on board the support ship with the
submersible’s batterfes being charged between dives.

Propulsion System—This system may be sub-
divided into propulsion thrusters, drives, and support
systerns.

Propulsion thrusters most commonly used are
free or nozzled propellers, although other thrust-
producing devices have been proposed and occasfon-
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 torque,
and can be operated directly from the battery—that
is, a dc-ac 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 transmission 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 transmission items include
shafting, reduction gears, clutches, and couplings
where these items are not combined to form self-
contained thruster units.

Special purpose 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
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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.”

Electrical power generation system—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.
It 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 system—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 fixtures, excluding the sig-
nal, anchor, and navigating lights, which are in other
systems.

Special purpose system—This system includes elec-
trical plant operating fluids, such as the electrolyte in
the battery, and the plant's spare parts and tools.

8.5 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 system—This 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 system—Safe and efficient surface and
submerged operations heavily depend on strongly
coupled functions of navigation, searching, obstaclé

. “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.
Acoustic—fathometer and sonar systems such
as obstacle avoidance sonar and short- and
long-baseline navigation systems.
Visual/acoustic—acoustic imaging systems.
Visual—direct visual through viewports and
windows and indirect visual using periscope
and fiber-optic systems.

Other—magnetic compass, depth gauge, trim
indicator and chronometer.

3)

(4)
)

(6)

Communication system—This system is divided
into interior 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 () 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

e
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include active, passive, active/passive, and classifi-
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 Auxiliary System

The auxiliary system is composed of numerous
systems which, except for the human and life-support
systems, fit within specified 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
several 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 submersible crew to distinguish them
from 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: life protection, comfort, and support—
the latter being considered as a subsystem of the



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 *human-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.

Life support system—This system can be divided
into atmospheric, food and water, and waste-man-
agement subsystems, the components of which are
scattered among several SWBS groups in the Auxil-
fary 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
period 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 margin 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 1s 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-
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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 fixtures, holding
tanks, and trash bins must be provided; nothing is
discharged into the sea environment.

Air, gas, and miscellaneous fluids 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 from 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 control system—This system is com-
posed of static and dynamic control subsystems.
Maneuvering the submersible is their function, “ma-
neuvering” being defined as the controlled change or
retention of the vehicle's motion or position. In this
regard, Fig. 5 shows a submersible in hydrospace
with reference to X, Yo, Z; earth axes with x, y, z
body axes attached to the vehicle. The extent of a
submersible’s maneuvering ability is called degrees
of freedom. It is possible to have a total of six degrees
of freedom, three linear degrees in the x, y and z, or
Zy 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: descent/ascent in the Z, direction, trtm and
buoyancy control about the y-axis and in the Zg
direction, respectively, and list about the x-axis.

Descent/ascent may be accomplished by the main
ballast and descent/ascent weight 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 volume
of reserve displacement, above the waterline. 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

Xo
Forward/Astern,
Surge (Dynamic)
Yo Heel/List (Static)
Roll (Dynamic)
- - X
o c:’;'[’)’;nsﬂz; ' /‘4 Descent/Ascent (Static/Dynamic)
/ Heave (Dynamic)
7/ '
/s |
y i

J— Yaw (Dynamic)
Sway (Dynamic) — |

i
z

AXES —

CONTROL —

Xo Yo. Zo— Earth Axes (fixed to earth)
Lx, y, 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—static/dynamic 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 ballast/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
buoyancy if displacement 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 list 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 lift-producing 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 roll, pitch, and yaw about
these axes. In general, lift-producing systems, such
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as the stern planes and rudder, provide two degrees
of freedom—pitch about the y-axis (dive/rise inclina-
tlons) and yaw about the z-axis (steering). Additional
degrees may be achieved, say, for example, in the z
or Zo directions by the combined use of stern 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 X0 Yo, Zy
coordinates in the water column. As noted, position
changing s 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 stern. 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 -

lDymamlcal stability and associated equations of motion are
subjects included in Chapter V, *“Hydromechanical Principles.”
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itself, as it often does, the stability of the submersible
as a whole is raised by adding fixed fins or stabilizing
surfaces at the stern—in effect, by adding tail feathers
to the arrow. These fins, as well as movable control
surfaces, are components of this system.

Lift-producing systems include vertically oriented
rudders, horizontally oriented planes at the stern
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 mooring 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 itself in the special-
purpose systems.

Special purpose systems—This group is composed
of handling, rescue and salvage, fluids/spare parts
and tools, 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-frames,
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
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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 fixed 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



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 carry 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.
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Hull compartmentation ts 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
refrigerated spaces which might be on board.

Furnishings include items of furniture, fixtures,
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/defenstve 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 which furnish 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 Mission/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). Perfor-
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, maneuvering, endurance, etc.).
These requirements provide the basis for develop-
ing the submersible’s characteristics and associated
(S) 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 firmed 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
involving the mission requirements for (1) task-site
depth and (2) details of work objects. Task-site depth
leads to the performance requirements for maximum
operating depth, D,, and collapse or design depth, D..
The term D, is at least equal to the maximum site
depth while

D.=FD,

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
of work 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 existing designs increases. These expe-
riences, if favorable, are key factors in selecting com-
ponents for submersible (S) systems from 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-effectiveness or
minimum weight criterfon. 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



welght/space criteria, which will be discussed in
Subsection 4.5 under “Technological Constraints.”

4.6 Mission External Design Constraints

Following is a brief summary of the various
sources of MEDCs which place constraints on the
design of manned submersibles, given here to pro-
vide a general perspective on this subject. Other
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chapters of this publication and references noted
provide details on these constraints.

Environmental constraints—Submersible opera-
tions, from launch to recovery, involve several or all
of the following environments and their interfaces:

1. Atmosphere
2. Surface interface
a. Air/water interface

Table 1 Environmental design considerations

Environment Consideration
1. Atmosphere
(1) Weather navigation-communications
structure (wind forces)
stability (wind forces, icing)
(2) Energy Propagation navigation—-communications

2. Air/Sea Interface
A. Open Water
(1) Surface Waves

(2) Surface Currents

(3) Ai/Water Density Difference

B. lce Cover
(1) Ice (partial)
(2) Ice (solid)

3. Water Column
A. Shallow
(1) Surface Waves

(2) Currents

(3) Proximity of Air/Sea Interface
(4) Pressure

(5) Temperature, Salinity, Density
(variable), Energy Propagation

(6) Natural Light

(7) Artificial Light Transmission
(8) Conductivity
(9) Flora/Fauna

structure (wind forces, corrosion-splash zone)
propuision-maneuvering

stability (wind forces)

regular operations (launch/recovery, other)
emergency operations (submersible lost, etc.)
structure (cutrent forces)
propulsion—maneuvering

regular operations (launch/recovery, other)
propulsion (wavemaking resistance)
communications (acoustic problems)

structure (moving ice forces)

navigation

structure (frozen in, icebreaking)
navigation—communications (submersible-to-surface)
life support (submersible)

energy (source/capacity)

regular operations (launch/recovery, other motion in shallow Zone)

emergency operations

structure (wind forces)

propulsion—maneuvering

structure (current forces)

regular operaﬁons'(laundwlreoovery, other)

emergency operations

propulsion (wavemaking resistance)

human systems (pressure on body in ambient pressure systems)

considerations similar to those for deep water column

navigation—communications (acoustic problems)

control systems (ballasting)

human systems (life support in ambient pressure systems)

considerations similar to those for deep water column

optical systems (visibility-maximum penetration of about 1000 feet
deep under best conditions)

considerations similar to those for deep water column

considerations similar to those for deep water column

considerations similar to those for deep water column
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Table1 Continued

Environment Consideration
3. Water Column continued
B. Deep
(1) Cunents (usually low—Iless propulsion—maneuvering
than or equal to 0.5 knot)
(2) Pressure structure (pressure-resisting shell structure)
compensating systems
electrical/mechanical systems (exposed to pressure)
fixed buoyancy systems
(3) Temperature structure (notch sensitivity of materials at low temperature)

life support system

(4) Temperature, Salinity, Density

(stable), Energy Propagation

structure (corrosion)
electrical/mechanical systems (exposed to the environment)

navigation—communications (acoustic)

(5) Artificial Light Transmission

{about 30 feet maximum)

optical systems—visibility
electrical system (extemal lights)

mission systems (still and movie cameras, TV, etc.)

(6) Conductivity

navigation/mission systems (low light ransmission necessitates
use of obstacle avoidance, side-scan and other sonars—acoustical
visibility replaces optical visibility)

electrical systems (loss of power into water, connector problems, other)

materials {(galvanic action)

(7) Turbidity and Turbidity

Currents

optical systems-visibility
propulsion—maneuvering

protective systems (prevent fouling, accumulation of silt, etc.)

Flora/Fauna

8

protective systems (biological fouling, damage to exposed systems)

propulsion (biological fouling)

9

Internal Waves (not much is
known about these)

4. Sea/Seafloor Interface and Sub-Seafioor
(1) Topography

control systems (depth control)

navigation—-communications

maneuvering
protective systems (against collision)
siting (of cable/pipeline routes, seafloor structures)

(2) Nature of Seafioor Surface
and Sub-Seafioor Material

soil mechanics considerations (composition, shear strength,
scouring, etc.)

siting (of seafloor structures, etc.)
optical systems (visibility—silt-clouds, etc.)
navigation~communications (acoustic problems—sound reflections)

protective systems (against accumulation of silt and mud—added
weight)

b. Ice/water interface
c. Air-ice/water interface
3. Water column
a. Shallow water column
b. Deep water column
4. Water/bottom surface
5. Sub-bottom
Each segment of this vertical profile of environ-
ments influences a host of design considerations.
An overview of these influences is given in Table 1.
Detalils of these constraints are to be found in
Chapter III, “The Environment,” as well as in most
of the other chapters of this publication, since
environmental considerations permeate all aspects
of design.
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The shallow- and deep-water columns require
brief explanations at this point; the other environ-
mental segments are easily visualized. In this regard,
the water column can be viewed from three perspec-
tives: (1) the effect of surface waves, (2) the generation
of wavemaking resistance and (3) the variability or
constancy of environment parameters, primarily
water temperature. In (1), the depth Dy, separating
the shallow and deep water columns is approxi-
mately

A
Dgy==
sSw 2

where 1 is the significant surface-wave length. Sur-
face waves are felt above this depth, causing motion



of the submersible. In perspective (2), the depth, Dyp,
separating these columns is about

Dyg=Fdy .

where Fis a factor that increases with the speed of
the submersible to a maximum value of approximately
3.0 and dy is the vehicle’s maximum diameter. The
forward motion of the vehicle generates surface waves,
creating wavemaking resistance, when operating in
depths above Dyg. Below this depth, no surface waves
are generated and the wavemaking resistance is zero.
Finally, in (3}, the water temperature varies with
depth in the shallow-water column in complex ways.
These variations of the water column, called “thermo-
clines,” change with latitude, season and, very near
the surface, even with the time of day. In this regard,
the depth, Dg, separating the two columns is about
10 000 ft (3048 m). In the deep water column, the
water temperature remains reasonably constant at
about 32°F (0°C) almost everywhere. As will be seen,
the variation or constancy of temperature affects the
design of the submersible’s control, communications
and navigation systems.

Technological constraints—These constraints are
associated with technological areas.pertinent to the
design of manned submersibles, including
. Materials
Structure
Machinery and equipment
Energy sources and conversion
Propulsion and maneuvering
Control
Navigation and positioning
Communications
Data processing
Life support and habitability
. Instrumentation and displays
Handling and transport
Constraints related to items within these areas arise
from a few or several technical considerations, in-
cluding
Safety
Reliability
Producibility
Maintainability
First cost
Efficiency
Simplicity of operation
Characteristics—weight, space, power require-
ments, and the like
Priority ranking of these considerations as they are
applied to items within the various technological
areas depends on design criteria in effect, including

1. State-of-the-art status

2. Minimum cost

3. Minimum weight/space
State-of-the-art status may involve several techno-
logical considerations. However, it always conveys
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first priority to safety and rellability; that is, the item
in question must first of all be judged safe and
reliable before other considerations come into play.
The minimum cost criterion, imposed in the interest
of obtaining a relatively low-cost submersible, gives
second priority to first cost and cost aspects related
to producibility, maintainability, and efficiency. On
the other hand, the minimum weight/space crite-
rion, promoting the design of a relatively light and
small submersible, gives second priority to effi-
clency and the items’' welght/space characteris-
tics. If the state-of-the-art status criterion should
not obtain to a particular item, either of the other
two criteria would hold sway. An illustration of tech-
nological constraints, elaborating on a previous ex-
ample, follows.

A designer, in the early stages of a design, is re-
quired to select a battery based on the criterion that
it have state-of-the-art status, thus giving safety and
reliability considerations first priority. A survey of the
“energy source and conversion” technological area
reveals that this criterlon constrains that choice to
two battery types, A and B. Further, extensive knowl-
edge of this area convinces the designer that no other
battery type will have attained this status by the time
the battery is to be installed. The other considera-
tions now come into play—primarily, first cost, effi-
ciency, weight, and space. In this instance, the last
three considerations can be melded into efficiency in
terms of energy density (watt hours per unit weight
or watt hours per unit volume). In this example,
battery A is much less expensive than battery B, but
its energy density is significantly lower. Consequently,
if the minimum cost criterion is operative, battery
A will be selected and submersible performance
depending on energy storage capacity will be con-
strained by A’s low energy density. On the other hand,
if the criterion of minimum weight/space is opera-
tive, battery B will be selected, which will reduce
constraints on performance but will result in a more
costly submersible. If performance related to energy
capacity is held constant, use of A will result in a larger,
heavier, more difficult and expensive to handle but less
costly submersible than if B were used. The conflict in
cost aspects of the battery choice is representative of
the many questions raised in attempting to optimize
the mission systems’ design on the criterion of cost-
effectiveness.

As has been indicated, the extent and nature of
technological constraints, from the view of a few or
all of the technical considerations, vary with the
passage of time. Consequently, the designer must
keep abreast of developments in all technological
areas. An up-to-date reference file of technical litera-
ture on components in these areas is indispensible.
Chapters IV, VI, and V1], entitled “Materials,” “Struc-
tural Principles,” and “Submersible Design and Op-
erating Safety Considerations” are concerned with
the major source of MEDCs.






tems and from the interfacing of (S) and smaller
systems within the submersible (I) systems' bound-
ary. An untethered submersible interfaces with other
() systems in handling, navigation, communications,
and rescue/salvage activities. Handling activities
place mild to severe constraints on weight and size
of the submersible as well as on the design of its
exostructure. Navigation and communication activi-
ties impose constraints merely to the extent of requir-
ing compatibility between internal (on the submers-
ible) and external (on the support ship and seafloor)
components of these systems. Rescue /salvage activi-
ties also impose constraints in requiring compatibility
between internal and external (on the rescue/ salvage
system) components. In the past, little compatibility
has been achieved with these activities being accom-
plished on a more-or-less “jury-rigged” basis. Stan-
dardization of rescue/salvage systems for small and
large submersibles is needed to overcome this critical
shortcoming.

The tether of a tethered submersible, of course,
places severe constraints on the vehicle's mobility
and maneuverability; that is, it is no longer free to
move in three dimensions at will. On the other hand,
constraints on submersible systems using energy are
removed by an “unlimited" supply of energy through
the tether, and communications are improved by
“hard-wire” transmission.

MIDCs at the interface of a submersible’s (S) and
smaller systems arise because of incompatibilities
between characteristics of two or more systems—
incompatibilities which have the potential for impair-
ing the functions of these systems or causing their
fatlure. This potential is removed by placing con-
straints on system location, protection, and opera-
Hon. For example, consider once again the charac-
teristics of the high-pressure and human systems
and the potential the former system possesses for
impairing or causing failure of the latter. The human
system, then, imposes the constraint on the high-
pressure system that its air flasks be located outside
the pressure hull. As a second example, consider the
characteristics of an ambient-pressure life-support
system, using heltum, and a system whose instru-
mentation is damaged by exposure to this gas. Inthis
case, the life-support system imposes the constraint,
or requirement, that the other system'’s instrumen-
tation be housed in special, helium-proof containers
to protect against the intense invasiveness of the gas.
A third and obvious example considers the charac-
teristics of a propulsion system, utilizing an open-cycle
diesel-generator set, and the human system. The
human system places the constraint on the diesel that
it be operated only on the surface—that it be stopped
immediately on submerging to avoid drawing a vac-
uum in the pressure hull and exhausting the oxygen
in the hull prior to stopping of its own accord.

Many MIDCs exist involving even the smallest of
systems; say, a nut-bolt and plate assembly of dis-
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similar metals which must be protected from each
other by an insulating material to avoid galvanic
action. It is obvious from the few examples given that
the designer must be Intimately acquainted with the
characteristics of all systems. Again, many of these
characteristics may change with the passage of time,
and consequently, an up-to-date reference file on
them must be maintained.

5. Basic Design of Manned Submersibles

6.1 Overview

Basic design, as considered herein, consists of the
conceptual and preliminary design stages. Concep-
tual design develops two or more design alternatives
from which a design is selected in accordance with
specified criteria. Preliminary design advances the
selected alternative’s development to the point of
entry into the contract design stage. This section is
concerned primarily with conceptual design, back-
ground for the more detailed procedures of prelimi-
nary design being given in other chapters of this
publication and in references provided.

This section discusses two approaches to concep-
tual design: the empirical approach, which is also
useful in the earlier phases of preliminary design,
and the systematic parametric analysis approach.
The empirical approach is modeled by the well-
known design spiral, which also serves as a basis for
brief discussion of the entire design process. Guide-
lines associated with the design spiral concept are
given. Details of the systematic parametric analysis
approach are provided by an example of a design
optimization program given in the Appendix.

The section is introduced with a discussion of the
Initial objective of basic design—the selection of a
conceptual design alternative from among the num-
ber of alternatives developed. In this discussion, it is
assumed that selection is based on the criteria of
technical feasibility and cost-effectiveness. Associ-
ated procedures are often referred to as feasibility
and optimization studies, the latter term being ap-
propriate when the number of alternatives consid-
ered is large and the probability of identifying the
optimum design is relatively high.

It is well to reiterate at this point that submersible
design procedures, as well as those for mission-
system design, vary widely according to practices of
individual designers and the degree of complexity of
the design under development. Consequently, mate-
rialin this section constitutes suggested, rather than
hard-and-fast, guidelines.

5.2 Conceptual Design—Selection of Alternatives

The coneptual design process for submersibles
parallels this process for the mission system as dia-
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grammed in Fig. 4: mission system alternatives and
combinations of individual, or (I), systems being re-
placed by submersible system alternatives and com-
binations of various submersible (S} systems. In paral-
leling missfon system design, the goal of feasibility
and optimization studies in conceptual design is to
select the most cost-effective design(s) from among all of
the viable alternatives considered. “Viable alternatives”
are those which meet performance requirements and
are technically feasible from the producibility/availa-
bility, operability, safety, and reliability points of
view. It should be observed that the “optimization,” in
this sense, is a relative term which must be qualified
by the expression to the extent feasible—to the ex-
tent feasible, considering design constraints acting.
As has been seen, these constraints form a frame-
work for the design—those designs within the frame-
work being viable alternatives, while those without
are nonviable alternatives, which must be discarded.
Returning to the statement’s key words:

* most cost-effective brings economic and techno-

logical MEDCs into play;
¢ performance requirements, providing foci for the
development of the submersible’s characteris-
tics, reflect legal/quasi-legal MEDCs imposed
principally by classifying societies and certifying
agencles, such as factors of safety used in arriv-
ing at the design depth;
¢ technically feasible considerations are based on
a host of environmental and technological
MEDCs as well as certain legal/quasi-legal
MEDCs;

¢ safety and reliability, included in technically
feasible considerations, invoke use of the de-
sign criterion requiring state-of-the-art status
for critical, or “man-rated,” systems and sub-
systems as well as for those among these sys-
tems which have a significant impact on cost-
effectiveness.

An appreciation for the submersible design’s role
in mission system optimization was conveyed in
Subsection 2.3 with details of the cost-effectiveness
equation being given in Fig. 2. With reference to that
figure, it was seen that mission system optimization
involves minimizing the product

dive days _ operating cost / year
mission task dive days/ year

to the extent feasible, this objective often being
achieved when neither term has a minimum value
itself. Submersible design contributes to this process
essentially in two ways: (1) by reducing the impact of
MIDCs it exerts on other individual mission systems
to the extent possible and (2) by minimizing this
product for the submersible itself, again, to the ex-
tent possible. Design considerations for the first

point include
¢ minimizing the submersible’s size and weight in
air to the extent feasible, thus reducing the
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impact of these MIDCs on the transportation and
handling systems, and

¢ adopting a design philosophy stressing reliabil-

ity, simplicity and ruggedness, thereby reducing

the MIDC impact on shore- and sea-based main-

tenance and repair systems.
In general, these considerations also serve the sub-
mersible design’s best interests. For example, mini-
mizing size and weight also minimize drag and en-
hance maneuvering, while the design philosophy
cited promotes the submersible’s cost-effectiveness.
In this regard, it is evident from studying Fig. 2 that
the second consideration is the submersible’s pri-
mary contribution tending to maximize dive days
per year, while also tending to increase task site
hours per dive day and to decrease hours per
mission task and the submersible’s annual oper-
ating cost.

Design considerations for the second point focus
on the feasibility and optimization studies of concep-
tual design, which involve the development of

e performance requirements derived from mission

requirements pertinent to the submersible sys-
tem and which set forth the capabilities on which
selection of the submersible’s characteristics are
based,

¢ submersible characteristics necessary to meet

these requirements and on which the selection
of systems and subsystems are based, and

¢ cost estimates including both capital cost, as

amortized, and annual operating cost associ-

ated with the selection systems and subsystems.
In the designer's pursuit of these studies, the sub-
mersible may be decoupled from the rest of the
mission system if certain assumptions are made.
They are that (1) the characteristics and operating
costs per year of other (I) systems of the mission
system are not changed significantly by variations in
size and weight of the submersible design alterna-
tives considered and (2) all alternatives are composed
of reliable systems. Then, the submersible's cost-
effectiveness equation may be written as

1 subcost
CE  mission task
_ _ dive days y sub operating cost / year @
mission task C

where, for the assumptions made, it may be further
assumed that the term dive days per year is a
constant, C, for all alternatives developed. The most
cost-effective alternative may be identified, leaving C
as an unknown constant. Obtaining values of sub-
cost per mission task requires that C be evaluated
for the mission system alternatives considered. As
previously observed, submersible design optimiza-
tion involves the fine art of balancing antagonistic
considerations in minimizing the products of the two
terms of equation (2). Decreasing dive days per mis-



sion task, or increasing the submersible’s productive
time, tends to increase submersible operating costs
per year, that is, decreasing the first-term necessi-
tates higher performance requirements which re-
quire system components usually costing more
money.

Equation (2) is applicable to many design studies
and is the basis for continuing the discussion of
design optimization in this chapter. However, for
studies in which the assumptions noted are not valid,
the submersible should not be decoupled from the
rest of the mission system. For example, supposing
submersible design alternatives developed involve a
wide variation of vehicle size and weight—wide
enough to require different sizes of support ships
and launch/retrieval systems having different oper-
ating costs per year. In these cases, then, optimiza-
tion studies should be based on the mission system
as a whole and equation (1) used.

Figure 6 conveys an impression of the optimiza-
tion process and the manner in which conceptual
design alternatives may be generated. A given mis-
sion can be met by n sets of performance require-
ments, each set leading to a certain dive days per
mission task achievable by the requirements of that
set. In this illustration, only one of the nsets is shown
in the interest of reducing the diagram's complexity.
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Associated with this one set are { design alt:rnatives
composed of various combinations of submersible
systems and subsystems in which, for example,
different pressure-hull materials, different energy-
storage systems, different types of manipulators, and
so forth are used. All alternatives meet the given set
of performance requirements, but only those within
the framework of design constraints acting are tech-
nically feasible and become viable design alterna-
tives. Each of these alternatives becomes the basis
for calculating the assocated submersible operating
cost per year/C, which, when multipiied by dive days
per mission task, yields one value of submersible cost
per mission task. It is this product which should have
a minimum value for optimization considering design
constraints acting.

One of the { design alternatives s shown in Fig. 6
lying outside the framework of design constraints
acting to provide an example of a nonviable alterna-
tive. Although meeting performance requirements, it
is not technically feasible. Suppose, for instance, that
in the designer’s effort to reduce vehicle size and
weight, an alternative uses a battery with a very high
energy density which is currently under develop-
ment. Suppose further that, on investigation, the
designer decides that prospects for the battery at-
taining state-of-the-art status by the time needed are

Mission
Requirements Characteristics & )
Y —»{ (S) System Altemative 1 » Discard
_________ T Framework of
l l v | Characteristics & [ Design Constraints
5 ; Perl‘c?rmance » (S) System Alternative 2 |
Requirements | |
(one of "n" sets) l Characteristics & |
|. (S) System Altemative 3 i
I :
| : '
]' Characteristics & |
l (S) System Alternative *i"
B S — J
r— .
sub operating cosvyear/C
Iin
Y :
b cost dive days d
sub cos —_— .
It - mission task sub operating cost/year/C ¢
mission task X < 3
+ {one of "n" sets)
sub operating cost/year/C ¢
A minimum value for the 2
optimization of the conceptual \_
design to the extent feasible
under design constraints acting

Fig. 8 Conceptual design alternatives and optimization
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doubtful at best. In this case, the alternative is
discarded as being nonviable. Though discarded, the
alternative is useful in providing feedback to perfor-
mance requirements, as indicated in Fig. 6—raising
questions concerning the excessiveness of require-
ments involving large expenditures of energy. In most
Instances, these questions are relayed to related
mission requirements as illustrated in the figure.
It may be decided in owner/user-designer consulta-
tions that alterations in these requirements will
facilitate the search for the most cost-effective, viable
alternative.

The number of design alternatives investigated, N,
is given by the expression

N=lggr 1+ Jsgr o+ = +Mgpr (3)

where { as indicated in Fig. 6, is the number of
alternatives associated with the first set of perfor-
mance requirements, jis the number associated with
the second set, and so forth. The magnitude of N
varies with the approach taken to conceptual design,
being relatively small for the empirical approach,
larger for the systematic parametric approach using
longhand methods and very large for this approach
using computers. Consequently, the latter method is
well suited for conducting optimization studies.

The empirical approach relies on experience and
data accumulated from past designs and submers-
ible operations, these data being organized so as to
be useful design tools (graphs, tables, empirical for-
mulations and so forth). Data for a new design are
extracted by interpolation/extrapolation from infor-
mation on submersibles having reasonably similar
mission requirements. Further, since N is relatively
small for this approach, these submersibles should
have successful operating histories. It is reasonable
to assume, then, that their designs are at least very
satisfactory, if not optimum, and that they will
serve as good “points of departure” for the develop-
ment of new design alternatives. As many alter-
natives as possible should be developed to ex-
plore the results of both variations in mission
requirements from those of similar submersibles,
which should be relatively small, and changes in
technological, economic, and other MEDCs that may
have occurred since the similar submersibles were
designed and constructed. Studies using the em-
pirical approach do not result in design optimization
but in identifying the most cost-effective, viable al-
ternative from among the number of alternatives
considered.

The systematic parametric analysis approach
explicitly expresses relationships between depen-
dent and independent design variables as a series
of parametric equations to be solved simultaneously
in arriving at a particular design alternative. For
example, performance requirements having signifi-
cant impact on dive days per mission task and sub-
mersible operating costs per year may be selected as
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independent variables, or parameters, and varied
systematically in a search for the optimum combina-
tion of dependent variables such as submersible
size, weight, cost, and effectiveness in performing
mission tasks. As indicated above, this approach
can be followed using longhand or computer meth-
ods—the latter is used predominantly today. It
should be emphasized that the systematic paramet-
ric analysis approach is by no means free from
empiricism: its parametric equations are based on
empirical formulations and coefficients derived from
existing data. The quality of these equations and
assoclated computer programs, of course, can be no
higher than the quality of the input. Consequently,
a periodic review and adjustment of input data is
necessary to ensure that this input reflects current
technological, economic, and other pertinent infor-
mation.

5.3 Empirical Approach Guidelines

These guidelines are associated with the empirical
approach to basic design and utilize the design spiral
concept shown in Fig. 7. They are intended to provide
a perspective, rather than details, of the design pro-
cess. Details and underlying principles are to be
found in this and other chapters of this book, as well
as in references given.

Numerous perspectives on the design process
exist. Consequently, guidelines presented herein, in-
cluding the design spiral and nomenclature associ-
ated with it, should be viewed as presenting but
one approach.

Mission requirements—As indicated in Fig. 7, the
basic inputs to the design process are those over-
all mission requirements that are pertinent to the
submersible’s design. While they may be stated
in many ways, they should include the following
information:

1. Task site
a. Location
(1) area of the world
(2) seafloor or water column site
(3) maximum operating depth
b. Type
(1) point or separated points—site at one
“point” or more than one “point” sep-
arated by specified distances
(2) line—site along line(s) of specified dis-
tance(s), as would be the case in a
pipeline inspection mission
(3) area—site over an area of specified
dimensions, as would be the case in
a seafloor area mapping mission
2. Task Work
a. Category
(1) inspection
2) maintenance /repair



Mission
Requirements
Conceptual Design - Loops A-B
Preliminary Design - Loops C-D-E
Contract Design - Loops F-G Performance
Requirements
1
e .

Arrangement 2 “

Geometry 3
Displacement
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Select Point @

12 Cost-Estimate

11 Weight Displacement
Center Summary

10 Energy Summary
Energy Storage
System

9 Outfitand
Fumishings

8 Auxiliary
Systems

Hull 4 Detail Design
Structure
Propulsion 5
Plant
Electrical 6
Plant
7
Command and
Surveillance
Fig. 7 Design spiral
(3) other

b. Work object(s)

(1) general—a general description of the
work object such as a buried pipe,
an open-frame fixed platform or a
wet-well head
speclﬂcz—as extensive information as
possible needed to formulate adequate
maneuvering and mission subsys-
tems performance requirements fa-
cilitating proper vehicle positioning,
vehicle/object orientation and mat-
ing of tools and other equipment—a
critical mission requirement in affect-
ing a submersible’s productive time

)

2This mission requirement highlights a “two-way-strect” situa-
tion. The designers of systems requiring submersible services should
design their system with submersible capabilities and mating re-
quirements in mind as well as vice versa.
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c. Task description
(1) work to be performed—data to be
acquired, nondestructive inspection
to be performed, values to be replaced
and so forth
loads to be transported—from surface
to site or site to surface or both.
These loads are part of the overall
payload which also includes weights
of all items used exclusively in per-
forming mission task work
d. On-board personnel—required to
accomplish work
(1) number
(2) type—one-atmosphere or ambient
pressure {diver) types
e. Response time—time allotted for the sub-
mersible to reach the work site, if critical
in performing mission tasks

2)
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The design spiral—The iterative nature of the over-
all design process may be modeled by the design
spiral shown in Fig. 7. The spiral consists of spokes
and loops. The spokes represent design considera-
tions including performance requirements, submers-
ible characteristics, and cost estimates; submersible
characteristics are embodied in its arrangement,
geometry, six SWBS systems groups, and summaries
of energy requirements and weight/displacement
centers. The loops indicate design iterations with the
design's refinement increasing as the loops spiral
inward. Outer loop procedures use empirical formu-
lations and estimates based on similar design data,
whereas middle and inner loop procedures are based
on progressively more detailed development of the
design considerations utilizing increasingly precise
formulations. The intersection of spokes and loops
form “points” which are identified alphanumerically.
Thus, for example, 3B is a point in the spiral at which
the geometric characteristics of the submersible are
being considered in the second iteration in a more
detailed manner than they were initially at point 3A.
At 3B, adjustments are made as the result of both
the more detailed consideration of the geometric
characteristics required and the impact on geometry
of interrelated design considerations for which data
were generated at points in the spiral preceding 3B.
Adjustments are made at other points in the spiral
for the same reasons. For the design to converge to
a satisfactory solution of the design problem, these
adjustments must become progressively smaller with
each succeeding loop through conceptual, prelimi-
nary, and contract design. This fact is demonstrated
on the spiral by the decreasing spacing between loops
as they spiral inward. Convergence is illustrated by
the innermost loop becoming a circle, indicating that
all design considerations are fully developed and
require no further adjustments. At this point in the
spiral, detailed design can begin.

Conceptual design feasibility studies are some-
what arbitrarily confined to the A and B loops of
the design spiral; it is recognized that other ap-
proaches to design may involve a different number
of loops. One trace around these loops to the “select
point,” shown in Fig. 7, generates one conceptual
désign alternative or feasibility study. The “select
point” may be thought of as a repository for com-
pleted alternatives—the point at which these alter-
natives are compared and the most cost-effective,
viable one is selected in a manner indicated in
Subsection 5.2. Paths (a) and (b) are shown issuing
from this point. Path (a) leads back to 1A and the
beginning of a new conceptual design alternative
based either on changes in performance require-
ments, which call forth a new set of submersible
characteristics and associated cost estimates, or
on a new set of characteristics and cost estimates
which satisfy the same performance requirements.
Path (b) leads to the beginning of preliminary de-
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sign and is followed by the conceptual design emerg-
ing from the “select point” as the optimum alter-
native from among those generated. Quite obvi-
ously, the likelihood of selecting the optimum
alternative is limited by the relatively low number
of total alternatives that can be considered by the
empirical approach.

Preliminary design is also arbitrarily limited to
loops C, D and E. Note in Fig. 7 that loops D and E
are relatively close together, indicating that only very
small adjustments in design considerations are being
made at this point. Should preliminary design’s more
detailed procedures and exact formulations reveal
the need for relatively large adjustments to be made
in one or more of the considerations, the validity of
the selected conceptual design alternative may well
be questioned. The end result of preliminary design
is a well-defined submersible system which meets
performance requirements and for which a firm cost
estimate exists. As indicated on the spiral, comple-
tion of this phase of design marks the beginning of
contract design.

The A loop—A loop procedures are primarily con-
cerned with the approximate sizing of the submers-
ible and utilize empirical formulations and similar
design data extensively. Sizing involves three
steps: selecting the geometry and the major ele-
ments of the SWBS systems to be used for the
particular conceptual design alternative under
study; obtaining first estimates of sizing data for
these systems; and the summarizing of these data
to estimate the size parameters of total weight and
displacement in the neutral buoyancy condition
and the total cubic. Points on the A loop are now
considered.

1A Performance Requirements: Derive perfor-
mance requirements from the misston requirements
pertinent to the submersible’s design. These perfor-
mance requirements should include
1. Depth
a. Maximum operating depth (__m or ft}
b. Design or collapse depth (___m or ft)
2. Range (___ nautical miles)

3. Speed
a. Forward speed profile (____ hours at
maximum speed of ___ knots, ___ hours

at cruise speed of ___knots, ___ hours
at search speed of ___ knots)
b. Descent/ascent speeds {___m/s or ft/s)
4. Maneuvering
a. Maneuvering emphasis—on position chang-
ing/keeping or path changing/keeping
b. Dynamic (____degrees of freedom in
specified directions)
c. Static (___degrees of trim, ____degrees
of list)
5. Personnel on board



10.

2A

a. Crew (___ at one atmosphere)

b. Non-crew (___ at one atmosphere, ___at
ambient pressure)

Endurance

a. Life support (___ hours or days normal,
— hours or days emergency)

b. Energy for propulsion and auxiliary or
hotel power loads (___ hours or days
normal, ___ hours or days emergency)

Payload

a. Items fixed during dive—all items used
exclusively in performing mission task
and located inside or outside pressure
hull (items listed together with
weight/displacement data). Non-crew
and eflects are included in this item for
welght-accounting purposes

b. Items varying during the dive—variable
loads (items listed together with
weight/displacement data)

Systems requirements—such as may be

specified by the owner/user or derived from

his requirements

Safety features—such as may be specified

a. Personnel—means of escape or rescue

b. Submersible—means of emergency ascent
or salvage or both

Limiting seastates—for submersible operations

Arrangement: Initially, the submersible may

be considered as consisting of the pressure hull(s),
envelope, and all other items comprising it. Select
types and number of pressure hulls, type of envelope,
and location of major items of SWBS systems either
inside or outside the pressure hull.

1.

2.

Pressure hull(s}—type and number
a. One-atmosphere type—submersible must
have at least one pressure hull to house
crew. It may have more than one hull to
isolate crew from non-crew or to reduce
diameter of hull if enclosed volume is large
b. Ambient-pressure type—submersible
must have one ambient pressure, in ad-
dition to one atmosphere hull, if ambient
pressure personnel {divers) are carried
Envelope types
a. Enclosed envelope—favored for relatively
high forward and vertical speeds, reduc-
tion of potential for entanglement and
for silt/mud entrapment and for protec-
tion of systems
b. Non-enclosed envelopes
(1) open-frame envelopes—favored for
maneuvering, access to systems,
ease of mounting systems and
weight saving
(2) envelope composed of individual
shapes such as pressure hull, bat-
tery pods below pressure hull and
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conical stern section—this type has
some of the advantages/disadvan-
tages of the other two types
3. Other item location—guidelines provided by
similar design arrangements
a. Inside pressure hull(s)—personnel and all
items of equipment to which they must
have ready access
b. Outside pressure hull(s)

(1) items which must be outside to per-
form functions—such as propulsion
units

(2) items potentially dangerous to per-
sonnel—such as high pressure air
bottles

(3) items which would require excessive
pressure hull volumes and add struc-
tural weight if located inside—such
as main ballast tanks

(4) items which would require mechanical
penetration if located inside pres-
sure hull thus creating seal prob-
lems—such as propulsion motors

c. Either inside or outside

(1) items tend to be located inside—for
shallow-diving submersibles

(2) items tend to be located outside—for
deep-diving submersibles

3A Geometry—shape and dimensions: Obtain
first estimates of pressure hull and envelope geome-
try and volumes and displacement of submersible.
1. Pressure hull
a. Shape
(1) shallow depths—shape governed by
hydrodynamic and arrangement con-
siderations. A variety of shapes can
be used, cylinders, closed by hemi-
heads, being the most common
(2) deep depths—shape governed by
structural considerations. Shapes re-
stricted to spheres or nested spheres
b. Dimensions—Dimensions estimated from
volume which pressure hull(s) must en-
close. Relationships between volumes
and dimensions for various shapes are
shown in Fig. 8. One expression for vol-
ume, (VPH)' is

nV,
(1-c)

Ve = 4
where
n = number of persons in pressure hull,
Vm = cubic/man data from Fig. 9, and
C = fraction of Vpy occupied by items
inside pressure hull other than
persons. Use similar design data.
2. Envelope
a. Shape
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Fig.8 Pressure hull volume versus diameter (from “Weight
Considerations for Deep Submersibles*)

C.

(1) enclosed envelope—envelope stream-
lined in direction of motion for rela-
tively high forward or vertical speeds
or both. If not streamlined, it should
be a fair form to reduce the potential
for entanglement and fouling

(2) open-frame envelope—shape usually
approximates a rectangular prism

(3) envelope composed of individual
shapes—envelope has no particular
overall shape as such

Dimensions—Envelopes have circum-

scribing, or “principal,” dimensions of

length L, breadth B, and depth D. L can
initially be estimated from similar de-
signs; B and D estimates can be based
on the frontal areas of similar designs or
on the diameter of the pressure hull,
now estimated, making allowances for
items outside its boundary such as
tanks and syntactic foam

Envelope volumes, (V)

(1) enclosed envelopes—volumes may be
estimated from the expression

Ve=CgxLxBxD (5)

where Vg is the volume of displace-
ments of pressure hull and all exter-
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nal items within the envelope plus
volume of free flooding water within
envelope and Cg is the block coeffi-
cient relating principal dimensions
and shape which may be estimated
from similar designs.

(2) open-frame envelopes—volumes may
be estimated from the expression

Ve=LxBxD (5q)

(3) envelope composed of individual
shapes—volume may be estimated
from the simple expression

Vg =Y Vg of individual shapes (5b)

3. Displacement of submersible—A first estimate
of displacement may be obtained using the
expression

A=PVgy (6)

where Pis the packing factor, derived
from similar designs, and 7 is the specific
weight of seawater. P reflects the effi-
clency with which the pressure hull(s) and
external items can be “packed” into an en-
velope of given type and shape. 1.0-Pis a
measure of the amount of free-flooding
water filling the void spaces within the
envelope.

4A-9A SWBS System Groups: Systems within
these groups are described in Section 3 and are
listed in Table 2 for ready reference. Two of the
sizing procedures should be followed in this por-
tion of the A loop—(1) select major components of
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systems to be used with the particular design
alternative under study and (2) obtain first esti-
mates of sizing data for the systems selected. These
data include approximations of weight, displace-
ment, dimensions, space, or cubic occupied, in-
cluding space required for routine maintenance,
and power requirements. Note that estimates of
cost data can be deferred until the B loop, when
the systems are developed in more detail.
Procedures involving system selection and siz-
ing data estimating are many and varied; their
detailed consideration is beyond the scope of this
discussion. However, they all demand access to
well-organized files on existing submersible design
data and manufacturers’ technical information.
For purposes at hand, this information should
include system
performance data
cost data
weight, displacement, center data
overall dimensions and space requirements
power requirements
location requirements
protection requirements
maintainability
reliability
A most useful way of organizing information
establishes relationships between system sizing
data and performance requirements which have a
major impact on the system’'s design. These rela-
tionships are presented in graphical form with
performance requirements being independent
variables. Prime examples are curves of “(W/A) PH
versus Design Depth” for given hull shapes and
materials, where (W/A)py represents the weight

OLOND AW~

Table 2 SWBS systems and assoclated variable loads/ballast

Systems

Variable Loads/Ballast

1. Hull
Structure

Pressure Hull
Exostructure
Foundations

Outer Hull

Structural Appendages

Special Purpose Systems—Fixed Ballast/Buoyancy

2. Propulsion
Plant Propulsion Batteries

Propulsion Thrusters

Propulsion Drives

Propulsion Support System

Open/Closed Cycle Energy Conversion Systems

Fuels/Oxidants

Special Purpose Systems—Operating Fluids, Spare Parts, Etc.

3. Electrical
Plant Auxiliary Batteries

Emergency Batteries

Power Distribution System

Lighting System

Auxiliary Open/Closed Cycle Energy Conversion Systems

Fuels/Oxidants

Special Purpose Systems—Operating Fluids, Spare Parts, Etc.
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Table 2 Continued

Systems

Variable Loads/Ballast

4. Commandand Command and Control Systems

Surveillance Navigation System
Systems Communications
Special Purpose Systems—Spare Parts, Etc.
5. Auxiliary Human Systems Crew/Non-Crew and Effects
Systems Life Support Systems Food, F. W., Oxygen, Etc.
Air, Gas, Miscellaneous Fluids High-Pressure Air, Gas, Etc.
Static Control: Main Ballast Seawater
Descent/Ascent Seawater/Weights
Emergency Ascent Seawater/Weights
Trim/List Seawater
Variable Ballast/Buoyancy Seawater/Weights
Dynamic Control: Thrust-Producing
Lift-Producing
Special Purpose:  Handling
Rescue/Salvage
Auxiliary System Fluids, Spare
Parts, Etc.
Mision Systems— Variable Mission Loads
6. Outfitand Hull Fittings, Ladders, Gratings
Fumishings Painting/Insulation

Fumishings

of the empty pressure hull divided by its displace-
ment.

The SWBS system points on the design spiral
require some comment;

1. 4A HullStructure: Fixed ballast and buoyancy
are included in this group—these systems have the
function of providing for neutral buoyancy, zero
trim, adequate stability, and a weight margin in
design. At this point, only the amount of fixed
ballast for the last function is included:; its weight
Is usually 10 percent or less of the total displace-
ment. Fixed ballast or buoyancy serving other
functions are considered at Point 11A, weight-
displacement-center summary.

2. 5A Propulsion Plant: The propulsion power
source—which consists almost always of batteries for
untethered submersibles—is included in this group.
However, for convenience, consideration of this
system’s sizing data is deferred until Point 10A,
energy summary.

3. B6A Electrical Plant: The nonpropulsion
power source for auxiliary and other systems' ser-
vice loads is included in this group. Again, for
convenience, consideration of this system'’s sizing
data is deferred until Point 10A. The remaining
systems of this group, the power distribution and
lighting systems, constitute very small percen-
tages of Condition Al (light ship minus fixed bal-
last/buoyancy) weight and displacements. Conse-
quently, first estimates of weight and displacement
of this group, excluding nonpropulsion power source,

36

may be obtained using percentages from similar
design data.

4. 7A Command and Surveillance: The total
weight and displacement of this group of systems
are also very small percentages of Condition Al
weight and displacement. As at Point 6A, first
estimates of this group's weight and displacement
may be obtained using percentages derived from
similar designs.

5. 8A Auxiliary Systems: Certain systems in
this group require comment.

a. Human system—This system is composed
of crew and noncrew and personal effects
brought on board; noncrew and effects are
part of the payload. The system is consid-
ered to be a part of variable load even
though its weight does not vary during the
dive unless divers are involved.

Air, gas, and miscellaneous fluids systems—
As noted in Section 3, these systems are
primarily those required to expel seawater
from ballast tanks and to furnish hydraulic
power. The first system involves the storage
of pneumatic energy: consideration of its
sizing data is deferred until Point 10A.
Static control systems—Care must be taken
that items associated with these systems
which vary during the dive, such as sea-
water in the main ballast system, are ac-
counted for as loads under load to sub-
merge (see Table 2}.



d. Dynamic control systems—Only thrust-
producing systems used exclusively for ma-
neuvering are included in this subgroup. If
used for both propulsion and maneuvering,
they are considered to be a part of the pro-
pulsion plant.

e. Mission system—This special-purpose sys-
tem is a part of the payload and may be lo-
cated internal and external to the pres-
sure hull. Weight/displacement of external
items may be fixed or vary during a dive
(variable items are included in variable
load). Performance requirements should

- convey sufficlent information to permit esti-
mating the system’s sizing data with rela-
tive ease.

6. 9A Outfit and Furnishings: This system’s
weight and displacement are minute percentages
of the Condition Al weight and displacement. In
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both instances, 1 percent may be used for first
estimate purposes. Space requirements are another
matter for items inside the pressure hull, ladders,
lockers, hull insulation, seats, and so forth. Even
first estimates of these sizing data should be made
with great care because they have considerable in-
fluence on pressure hull volume and, hence, have
a cascading effect on other design considerations.

10A Energy Summary—Energy Storage Sys-
tems: At this point, the power-energy requirements
for the SWBS systems should be summarized and
the sizing data for the electrical- and pneumatic-
energy storage systems estimated, the two forms of
energy carrled on board almost all untethered,
manned submersibles. The summarization proce-
dure for electrical-energy storage systems, assumed
to be secondary batteries, involves use of a power-
energy profile. Such a profile is shown in Fig. 10 for
a hypothetical, seafloor-oriented mission having a

Dive Profile
Endurance (Normal)
Bottom Time
Pre-Dive
Power User Check Descent | Search Work Relocate Work Ascent Retrieval | Emergency
1 2 3 4 5 6 7 8
Propulsion + + + +
Maneuvering + + + +
Hotel Load + + + +
Mission Systems +
Emergency Systems . +
Power (kW) 45 35 6.256 5.00 6.0 55 35 3.0 3.0
Time (Hours) 05 1.0 10 2.75 0.75 3.0 1.0 0.5 3.0
Energy (kWH) 2.25 3.50 6.256 13.75 4.50 16.50 3.50 1.50 9.0
Energy Requirement = 51.75 kWH; Energy Available (1.35 x 51.75) = 70 kWH
70 |- [ PEAK POWER LOAD
60 |
50
£ ol
g
30
g 1 2 3 4 5 6 7 ?
20
10 |-
0 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 1
ENDURANCE (HOURS)

Fig. 10 Power energy profile
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normal endurance of ten hours. The following com-
ments refer to this figure:

1. Dive profile: This profile is that part of the
overall mission profile which details the submer-
sible’s operations on a chronological basis; the
mission profile also includes other events, such as
shore-to-site in-transit operations of the support
ship, which have no bearing on underwater op-
erations of the submersible. The dive profile can
be subdivided as indicated in Fig. 10. Note that
launching requires a very short period of time,
and, hence, is not included in this profile for power-
energy summarizing purposes. On the other hand,
note that retrieval, even under normal conditions,
requires a considerable amount of time during
which energy must be expended. Bottom-time
events vary greatly depending on the nature of
the mission tasks specified in the mission require-
ments (those shown in Fig. 10 have been chosen
arbitrarily).

2. Bottom-time work: This is the only productive
time in the entire mission profile and calls attention
to cost-effectiveness considerations. In this regard,
it is apparent that use of different SWBS systems,
forming different conceptual design alternatives, will
alter the length of this period and the amount of
useful work accomplished during it. As suggested in
Subsection 5.2 and by equation (2), the optimization
objective is to find the best balance between system
capability and cost to maximize cost-effectiveness of
the submersible.

3. Endurance (normal): Endurance, as the term
Is used herein, includes not only the submerged
endurance but also retrieval time spent on the sur-
face, a period of continued energy use and taxing of
human physiological and psychological character-
istics.

4. Power users: Power users are shown in the
left column of Fig. 10 as user categories rather than
as individual SWBS systems requiring electrical
power. Examples of components within these cat-
egories are given below.

a. Propulsion: propulsion thruster motors

b. Maneuvering: maneuvering thruster motors,
control surface activators, and trim-list
system pumps
Hotel load: normal life-support systems,
navigation and communication equipment,
and lights
Mission systems: manipulator systems,
movie/still cameras and lights and inspec-
tion/testing equipment
Emergency systems: emergency life-support,
emergency communications, and Jjettisoning
systems

5. Power requirements: These requirements are
derived from manufacturer’s specifications for SWBS
systems chosen for a particular conceptual design
alternative.
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6. Power totals and time: The data given in Fig. 10
are arbitrarily chosen for this illustration.

7. Reserve energy: Reserve energy is stored to
meet unexpected situations which may be encoun-
tered. Usually, a minimum of 25 percent of the total
energy requirements is added to the energy-storage
system for this purpose.

8. Emergency energy storage: A separate source
of electrical energy may be carried inside the pres-
sure hull to operate emergency systems in case of
loss of power from the main source.

9. Energy storage capacity: The capacity of the
main electrical-energy storage system equals the total
energy requirement, the area of the power-energy
profile diagram of Fig. 10, plus reserve energy.

Estimating sizing data for the electrical energy
storage system involves knowing the energy storage
capacity, selecting the type of battery to be used, and
selecting the type of protection. Table 3 lists three
types of batteries that are used in submersibles and
the associated energy density data necessary for
estimating sizing data. Regarding protection, bat-
teries may be located either inside or outside the
pressure hull, although the outside location is se-
lected for most submersibles. In this case, the bat-
terles must be protected from seawater in pressure-
resisting or pressure-compensated containers.
Weight estimates must include weights of container
and compensating fluid systems, if used. Displace-
ment and space estimates are based on container
dimensions.

Summarizing pneumatic energy storage require-
ments often involves these requirements for both
high and low pressure systems: high pressure sys-
tems are used in designs with maximum operating
depths down to about 610 m (2000 fi). In both
systems,

b= [LMJR @
P
where
v; = total volume of air stored at a working pres-

sure of p; in n high-pressure air flasks hav-
ing a volume of vy per flask; n flasks often
are called an air bank,

P1 = working pressure; representative values for
high-pressure systems are 16.54 x 10° pPa
(2400 psig) and 20.68 x 10° Pa (3000 psig)

Table 3 Battery energy densities
Theoretical Actual

Battery WH/b WHb WH/in®

Lead-Acid 80-115 1020 08-1.2

Nickel-Cadmium 105 12-19 0.7-1.25

Silver-Zinc 205 40-60 24-38




and for low-pressure systems 9.8 x 10® Pa
(1422 psig),

pressure at maximum ballast-blowing depth
for high-pressure systems and pressure at
or near the surface for low-pressure systems,
total volume of seawater ballast which can
be expelled by a fully charged air bank
against a pressure of py, and

a factor allowlrig for a reserve of storage vol-
ume and derived from similar design data.
Summarizing the pneumatic energy storage for the
high pressure system to obtain v, necessitates a
breakdown of v,. Since these systems are often used
to discharge variable as well as main ballast, the
following expression may be used:

uz-..-

R =

vy = Ncvype + Koyg (7a)
where
N¢ = number of cycles of variable ballast per dive,
Vypc = average volume of variable ballast expelled
per cycle against a pressure of py,
vmp = total volume of main ballast seawater, and
K = fraction of total volume of main ballast ex-

pelled against a pressure of p,.

For high-pressure systems, the value of K depends
on design decisions regarding initiation of the nor-
mal and emergency ascents from the maximum op-
erating depth. Normal ascent may be initiated by
dropping ascent weights or by injecting “bubbles” of
high-pressure air into the main ballast tanks—the
bubbles, of course, expanding with decreasing depth.
If the bubble scheme is used, with or without drop-
ping ascent weights, K may be 0.20 or less. Emer-
gency ascent may be initiated by dropping large
weights, such as the battery pack, or by blowing
all of main ballast, in which case K is 1.00. The
low-pressure system is used to complete blowing of
the main ballast at or near the surface after a normal
ascent, where v, of equation (7) is the volume of water
remaining in the tanks. Note that for deep-depth
submersibles, the use of compressed air for expelling
ballast is not feasible and both normal and emer-
gency ascents are initiated by dropping ascent or
large weights. For these vehicles, only a low pressure
air system is required and v, of equation (7) is the
total volume of the main ballast tanks.

Sizing data for the high and low pressure pneu-
matic-energy storage systems may be obtained with
estimates of v; for these systems in hand. In both
systems, the weight of compressed air, a part of
variable load, is v times its specific weight, which is
a function of p; and temperature. Sizing data for the
systems’ flasks may be found from manufacturer’s
data knowing vn Data for remaining components of
the systems may be estimated from similar design
data.

11A Weight-Displacement-Center Sunimaiy: At
this point, summarize weights and displacements of
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SWBS systems and their loads and achieve the sub-
merged design condition critérion of neutral buoy-
ancy, in which total weight and displacement are
equal. Note that the other two design condition cri-
teria of zero trim and adequate positive stability are
addressed at Point 11B when estimates of longitudi-
nal and vertical centers of weight and displacement
are available.

Figure 11 illustrates the summarizing procedure
and methods of achieving neutral buoyancy for
both volume-limited and weight-limited designs. As
shown in the figure on the SUM lines, weight is less
than displacement for volume-limited designs and
greater than displacement for weight-limited de-
signs. For volume-limited designs, fixed ballast is
added in an amount necessary to éstablish equality
between weight and displacement, its displacement
being zero if located inside the pressure hull. In the
case of weight-imited designs, there are three op-
tions: increase pressure-hull volume beyond the vol-
ume needed to just house personnel and equipment

ltem Weight Displ.

Hull Structure

Propulsion Plant

Electrical Plant

Command and Surveillance

Auxiliary Systems

Outfit and Furnishings
CONDITION A1

Normal Diving Trim Load!

Main Ballast Water

SUM

B o

WzaA

SUM: W < A; VOLUME LIMITED
Fixed Ballast
SUB.—DESIGN CONDITION

SUM% W > A; WEIGHT LIMITED

(1) Increase pressure hull volume

(2) Add fixed buoyancy

{(3) Place items outside press. hull
SUB.—DESIGN CONDITION W=A

Loads which may be on board in surface diving trim condition:
variable load, variable ballast/buoyancy, descent/ascent ballast,
and residual water.

2Use option (1) or (2). Option (3} may be used with (1) or (2).

Fig. 11 Weight-displacement summary
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located inside; add fixed buoyancy in the form of solid
material, hollow buoyancy spheres, or both; or locate
items in the “inside/outside” pressure-hull category
outside the hull so that their weights are at least
partially compensated for by their displacements.
The choice between the first two options depends on
the relative values of the pressure hull and fixed
buoyancy weight/displacement ratios, (W/A)py and
(W/A)rgy- The first option is exercised if (W/A)py is
less than (W/A)rgy and the second option is exer-
cised if the reverse if true.

12A Cost Estimate Summary: Summary of cost
estimates is deferred until Point 12B.

The B loop—B loop procedures begin to develop
the submersible and its SWBS systems in detail for
the purpose of refining sizing data, obtaining cost
estimates, and obtaining assurance that design con-
dition criteria of neutral buoyancy, zero time, and
adequate stability can be attained. Brief comments
on B loop points follow.

1B Performance Requirements: Review perfor-
mance requirements in the light of sizing data gen-
erated in the “A” loop. The requirements should
remain fixed unless these data indicate that certain
requirements are excessive and lead to unfeasible
designs. In this case, the designer should consult
with the owner/user concerning altering mission
requirements from which the questionable perfor-
mance requirements are derived.

2B-3B Armrangement and Geometry-Displacement:
Obtain the first definitive view of the submersible and
locate the major components of the SWBS systems.
These procedures are facilitated by considering the
two points together. Input includes estimates of sys-
tem space or cubic data, generated at Points 4A
through 10A, and volumes of fixed ballast/buoy-
ancy and pressure hull(s) derived from the weight-
displacement summary at Point 11A. Relatively close
estimates of envelope volume and principal dimen-
sfons can now be made with these data in hand. An
estimate of displacement is also now available from
Point 11A.

Location of major components of SWBS systems
requires drawing inboard and outboard profiles of the
submersible as well as cross-section views at critical
points along its length. The inboard profile and cross
sections show the pressure hull, tankage, batteries,
fixed ballast/buoyancy, and other major compo-
nents of the SWBS systems in their relative locations.
The outboard profile presents the overall appearance
of the submersible and locates appendages not
clearly shown in the other views. The profiles and
sections are needed to check for space requirement
conflicts and to obtain vertical and longitudinal cen-
ters of gravity and displacement.
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4B-9B The SWBS System Groups: Develop sys-
tems in sufficient detail to permit refinement of sizing
data and close estimates of cost data to be made.
More precise formulations and direct calculations
are used in this portion of the B loop. For example,
A loop procedures might estimate the weight of the
pressure hull from “weight/displacement ratio ver-
sus design depth” curves knowing the design depth
from performance requirements, selecting a pres-
sure-hull material and estimating its enclosed vol-
ume. In the B loop, a closer estimate of its weight may
be found using pressure-hull strength equations
given in Chapter IV and making allowances for the
weights of insert plates compensating for large pen-
etrations. In general, B loop procedures begin to
analyze each system, breaking it down into its parts
for study, a process which increases in detail as the
design progresses through the inner loops of the
spiral.

10B Energy Summary-Energy Storage Systems:
Refine electrical power-energy profile and pneumatic
storage system based on more precise B loop SWBS
data.

11B Weight-Displacement-Center Summary:
Complete this summary using the more refined
sizing data and obtain (1) a more accurate esti-
mate of fixed ballast or buoyancy, or both, required
to achieve neutral buoyancy, (2) a check on the
vertical distribution of weights and displace-
ments necessary for adequate stability, and (3) a
check on the longitudinal distribution of weights
and displacements required for zero trim. At this
point, the summary form shown in Fig. 11 is aban-
doned for the form shown in Fig. 12, which facili-
tates the computations of the submersible’s vertical
and longitudinal centers of weight and displace-
ment. Background information concerning the de-
tails of this figure is given in Subsection 3.5 of
Chapter V. Procedures (2) and (3) usually require
returning to Point 2B to adjust the arrangement,
and centers of the systems’ major components
including fixed ballast/buoyancy. It may be neces-
sary to alter the amounts of fixed ballast or buoy-
ancy, or both, as well as their positions, to achieve
adequate stability and zero trim as well as neu-
tral buoyancy in the revised weight-displacement
summary.

12B Cost Estimate Summary: Summarize esti-
mates of first and annual operating costs associated
with the SWBS systems selected for a particular
design alternative. This summary permits an esti-
mate to be made of the submersible’s operating cost
per year, in which the first cost {s amortized over a
given number of years. This estimate, when divided
by the number of dive-days per year, is the second
term of equation (2).
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Weight

Displacement

Title KG

VMW

LCG) LMW | DISP | KB | VMA [LCB| LMa

100—Hull Structure (excluding FBB)

200—Propulsion Plant

300—Electrical Plant

400—Command and Surveillance

500—Auxiliary Systems

600—Outfit and Furnishings

700—Armament (military subs, only)

CONDITION AY

Fixed Ballast/Buoyancy to Balance

CONDITIONA

Normal Diving Trim Load

CONDITION N

Main Ballast

SUBMERGED—DESIGN CONDITION w KG

TVvMw

LCG KB LcB

LMW A Y VMA 2 LMA

equal
BG = KB~ KG = J,VMA/A -~ T VMW/A |

equal

CONDITION A1

Normal Diving Trim Load

Main Ballast

SUB. CONDITION (excluding FBB) w

VMW

Yimwl A PRV YLMa’

Fixed Ballast/Buoyancy to Balance | Weag

VMWrgs

LMWegp VMAras LMAFrgs

SUBMERGED—DESIGN CONDITION w

VMW

Yimw A YvMa Y LMA

Fig. 12 Weight-displacement-centers summary

The select point—*“Deposit” the conceptual de-
sign alternative just completed at the select point
and return to Point 1A via path (a), shown in Fig.
7, if more design alternatives are to be generated,
or select the most cost-effective, viable design from
among the number of design alternatives already
generated and deposited at this point. Assuming
the second option is followed, the procedure sug-
gested in Subsection 5.2 may be followed. Equation
(2} 1s solved for each of the alternatives: the one
with the lowest (1 /CE) 1s selected. With the sec-
ond term of this equation being determined at
Point 12B for each alternative, consider the first
term, dive days per mission task. This term can be
expressed as

divedays ~ hours
mission task = mission task

hours on task site
dive day

8
where, on the right side of the equation, the numera-
tor is the time required to accomplish the mission task
once the submersible is at the task site and the
denominator is the productive work time perdiveday.

The numerator and denominator should be made as
small and large as possible, respectively, bearing in
mind that such procedures will most likely also
increase system costs. The numerator’s solution in-
volves the mission systems and others, such as the
maneuvering system, which are in use at the work
site. Estimating this term requires performance data
reflecting the expeditiousness of these systems in
completing the work to be done. Examples of these
data are the number of degrees of freedom a manipu-
lator possesses and the rates at which it can execute
various motions. The denominator's solution in-
volves systems in use during the necessary but
nonproductive activities of the dive profile shown in
Fig. 10, including, for example, the descent/ascent,
propulsion, maneuvering, navigation, and communi-
cation systems. For a given dive profile time, which
nearly equals the endurance, estimating this term
also requires performance data reflecting the expedi-
tiousness of these systems in reducing the nonpro-
ductive, dive profile time. Descent/ascent rates,
achievable with various types of descent/ascent sys-
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tems for a given envelope geometry, are examples of
the kind of data required. With the select point
process completed, the selected conceptual design
moves along path (b), shown in Fig. 7, into prelimi-
nary design.

The C, D, and E loops—The preliminary design
procedures of these loops progressively refine all
aspects of the submersible’s design, including those
aspects not considered in the conceptual design
phase. Only small adjustments, if any, are required
at the spiral’s point at the end of the E loop. Some
general comments on these points follow.

1 C, D, E Performance Requirements: Review
these requirements in light of the design’s more
detailed development. C and D loop procedures may
reveal that it is still necessary or desirable to make
small changes in certain of these requirements.
There should be no changes in them as the result of
E loop procedures or, in other words, they should be
fixed at entry into the contract design phase.

2and 3C, D, E Arrangement and Geometry-
Displacement: Obtain a detailed view of the sub-
mersible with the location of SWBS systems being
essentially fixed so that the systems can function
properly, routine inspection and maintenance can
be made with relative ease, there are no conflicts in
space requirements, and the design condition cri-
teria of adequate stability and zero trim are met.
These procedures require detailed inboard/out-
board profiles and cross-section views to be drawn.
A lines drawing may also be drawn depicting the
envelope's geometry; this drawing is necessary to
obtain accurate data required for hydrostatic and
hydrodynamic calculations.

4-9C,D,E The SWBS System Groups: Develop
these systems in sufficient detail to provide the as-
surance that, both individually and collectively, they
will satisfy all performance requirements and very
close estimates of sizing and cost data. Direct calcu-
lations and preliminary drawings, as contrasted with
working drawings, are used extensively (the basis for
these calculations is contained in Chapters V and VI
of this publication and in references given). Proce-
dures, for example, may involve the construction and
testing of structural and appended envelope models
to verify data derived from theoretical strength and
hydrodynamic formulations.

10 C.D.E Energy Summary-Energy Storage
Systems: Make progressive refinements of electri-
cal power-energy profile and pneumatic storage
system based on increasingly precise C, D, E loop
SWBS data. Electrical and pneumatic storage sys-
tems should be very accurately defined at point
10E.

11 C, D, E Weight-Displacement-Center Sum-
mary: Complete this summary in more detail and
investigate stability and trim in the design and other
operating conditions as well as in the emergency
ascent condition. These procedures will require a
breakdown of SWBS systems into their components
as described in Subsection 3.5 of Chapter V. Proce-
dures at Point 11C and, to a lesser extent, at Point
11D usually indicate that some adjustments in ar-
rangements or system details or both are necessary
to attain design condition criteria of neutral buoy-
ancy, adequate stability, and zero trim. They may
also indicate that adjustments in envelope geometry
and systems influenced by this characteristic are
necessary to obtain adequate surface stability. These
adjustments, if any are to be made, should be rela-
tively small on entry into the contract design phase.

12C,D,E Cost Estimate Summary: Summarize
the progressively refined first and annual operating
cost estimates obtained in these loops. A close esti-
mate of the submersible’s operating cost per year
should be in hand at the beginning of contract
design.

5.4 Systematic Parametric Analysis Approach—
Optimization Programs

These programs are associated with the system-
atic parametric analysis approach to design dis-
cussed in Subsection 5.2. Their use in conjunction
with computers permits a very large number of con-
ceptual design alternatives to be investigated, thus
greatly increasing the probability that the optimum
conceptual design will be identified.

The development of these programs, as noted, still
requires information used in the empirical approach
to design. In this case, however, the behavior and
interplay between the SWBS systems and their com-
ponents and their influences on cost-effectiveness
must be made explicit. Design procedures are for-
malized by establishing mathematical relationships
between dependent design variables and indepen-
dent design variables or parameters. These relation-
ships, or parametric equations in the program, per-
mit rapid evaluation of design parameter changes on
the dependent variables. In making systematic para-
metric analyses, both SWBS system characteristics
and performance requirements may be considered as
parameters.

The explicitness of optimization programs is use-
ful in facilitating discussions between the potential
owner/user of a submersible and its designer regard-
ing any aspect of the mission requirements or the
design in question. For example, a program can
quickly and clearly demonstrate that a certain mis-
sion requirement or owner/user bias regarding use
of specific equipment excessively constrains the de-
sign. The details of design optimization are best
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presented by an example. This example, presented
in the Appendix of this chapter, was prepared in 1967
for the development of a deep-submergence search
vehicle. While the values of coefficients in the
program’s equations are unique to specific mission
requirements and technological state-of-the-art in
1967, the example does show the basic format of
such a program and how it may be used to aid the
submersible designer.
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Appendix’

Design Optimization Program

The initial step in designing an optimization pro-
gram is to deflne the system to be optimized. In this
case, the system consisted of a search vehicle, whose
mission was to locate objects on the deep sea floor,
and its operations at the search site, which included
preparation for diving, descent, search, ascent, re-
covery, and preparations for the next dive.

It is necessary to vary design concepts in some
organized manner in order to select the best alterna-
tive. This is done by varying a limited set of design
variables that affect the performance, economics and
survival of the vehicle. For optimization of this sys-
tem, the variables chosen were

—Maximum design speed

-—Endurance

-~-Number of crew

—Operating depth

—Safety factor
The four optimization models of this program, de-
scribed in more detail below, are summarized as
follows:

¢ Parametric design model: For specific values of

such design variables as maximum speed, en-
durance time, number of crew, operating depth,
and safety factor, this model calculates weights
and volumes in functional groups such as pres-

3The author of the Appendix is R. H. Hobert.

sure hull, batteries, exostructure, and total
stored energy.

¢ Operational model: This model accounts for the
time and energy used to prepare for dives and to
descend and ascend when provided with values
for the operational variables.

¢ Effectiveness model: When supplied with net
time and energy remaining after exercising the
operational model, this model simulates a bot-
tom search for a given object and computes the
probability of detecting that object.

* Cost model: After the design and operational
alternatives have been ascertained, this model
provides a relative measure of the acquisition
and operating costs for the system.

There can be no guarantee that the alternative se-
lected by such a program will be truly the optimum.
Models of this type depend heavily on statistical data
gathered from past design experience, and can there-
fore produce results no better than those data. The
solutions are nevertheless a good starting point for
detailed design, since they represent a technically
feasible and viable baseline.

Parametric Design Model

The design analysis program accepts as input
data the weights and volumes of specific equipment
groups and, using those data, together with physical
and empirical scaling laws, performs many of the
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routine design calculations for weight and volume
balances within the pressure hull and hydrodynamic
hull. It also automatically adjusts the amount of syn-
tactic foam or other buoyancy needed to make the
vehicle and its subsystems neutrally buoyant.

The primary input data include fixed values for
operational features such as speed, depth, endur-
ance, auxiliary power requirements, and payload
characteristics. Thus, it is possible to start from a
reference design and then conduct systematic excur-
sions from that design in order to assess the changes
in vehicle characteristics resulting from changes in
the operational features. A wide variety of operational
characteristics may be evaluated and adjustments
made in the reference design so that systems of
identical operational capability can be compared
directly.

Many different potential materials for the pressure
hull, differing types of flotation material, types of
batteries or other energy storage devices, and un-
usual configuration requirements substantially in-
crease the number of possible solutions for any given
set of design specifications. Components such as the
propulsion motor can be held at some fixed power
level, while allowing other components within the
overall system to vary. Or, the propulsion motor can
be varied in steps corresponding with commercially
available equipment, or parametric extrapolations of
system weight and volume can be made to assess the
desirability of developing items especially tailored to
specific needs.

The parametric equations are described below.
The purpose of these equations is to provide a means
for ascertaining the effect of a change in performance
requirements on the overall design. To this end, the
vehicle is divided into various systems. Each system
has a group of performance variables that determine
its weight in a reasonably simple way, once its gen-
eral design has been chosen. This allows weight and
volume equations to be written and solved for the new
design. The expressions below are typical for a small
research submersible, with a spherical pressure hull
and batteries outside the pressure hull.

Weight Equations

Pressure hull:
Wpy = Vi{(C,+C, DSy)

where

Vi = volume inside the pressure hull,

D = operating depth, and

Sr = safety factor.
All C values are constants for a particular design
“family.” This equation results from the fact that the
thickness of a metal sphere is proportional to the
outer radius times the pressure. The constant C,
accounts for the thickness required to support the
structure even at zero depth.

Exostructure:
WEX = C3( A- W[ - WPH) + C4(WI + WPH)

where A is the envelope displacement and W; is the
weight inside the pressure hull. For this equation, it
is assumed that the exostructure weight is propor-
tional to the weight of the structure it is attached to,
and that this proportionality is different for the living
space and the rest of the vehicle. This, as well as other
assumptions in this set of equations, is based on
statistical studies of large submarines and on data
that have been assembled so far on small research
submarines.
Fairings:

WF = C5A%+Cs

Here the weight is proportional to the area covered.
Control surfaces:

Wes=CasA

This includes the actuators as well as the planes and
rudder.
Compressed air system:

WCA = (Cg+ CIOD)A

As in the ballast system, this weight is assumed to
be a fixed percentage of displacement, but a term to
account for the pressure-dependent character of this
system has been added.

Ballast system:

WB=C21A

This includes trimming weights, hovering weights,
fixed droppable weights, etc.
Main propulsion:

Wyp=C1+CypKg A8 VZ

where Vj, is maximum speed. Kg is a constant ac-

counting for drag, propeller efficiency, and power

plant efficiency. Main propulsion weight includes

everything from the battery to the propellers.
Thrusters:

Wr=Cj3a%

This assumes constant maximum turning rates.
Batteries:

Wpgg =Cps(14C3D)Q

where Q is total stored energy. Because this
submersible’s batteries are outside the pressure
hull, they are pressure compensated and, therefore,
depth-dependent.

Electrical power conditioning:

Wepc=Coysly

where Ly, is maximum nonpropulsive power demand.
This includes cables, breakers, fuses, inverters, etc.
and their housings.



Control, navigation, communication systems (in-
ternal):

WCI = Cl4+C15D+C16A

This is equipment needed to operate the submersible,
but not to perform its mission (search, etc.); the latter
is internal payload.

Metabolic processing:

Wuner =C17NT +Cig

where N is the number in crew and T is habitation
time limit. This includes oxygen and carbon dioxide,
food, and waste-disposal systems.

Climate control:

ch= Cfs +C1'9N +C20(Wp1 + WCI)

where Wp; Is internal payload. Climate control in-
cludes humidity and temperature regulating equip-
ment. The equation states that the equipment weight
for heat rejection is proportional to the system weight
producing the heat.

Furniture, crew, and effects:

Wece=ClgN
Living system:

WL =Wper+Were+ Weee

= N(CI7T+ Clg) + Cle +C20(WPI+ WCI)
Cig=Cig+Ci3
Ci9=Cig+Ciy

Internal payload s Wpy; external payload is Wpg. The
payload weights are considered performance re-
quirements. Flotation material is Wg and entrained
water is Wy, these two variables are solved for, using
the above equations.

Volume Equations

Most systems are assumed to have constant den-
sity, so that the volumes are simply weight divided
by density. There are two exceptions: living system
and battery. For mathematical convenience, the fol-
lowing volume scaling coefficients are defined for the
living system:

K, = Ciz
PMET
K3= Cfs
PMET
x,= Cia.
Pac
Ks= Cio , Cio
Pcc Prce
Kg= 220
Pcc
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Then, the volume of the living system is
VL = N(K2T+ Ks) + K3 +K4 + KG(WPI + WCI)

Because the battery system is pressure compen-
sated, its volume is defined as

Vg =Kg(1+K;oD)Q

Auxiliary Equations

In addition to weight and volume equations, it has
been found useful to define the following:
Stored energy:

Q=C;E4+CgKgAPR TV

where
E, = total auxiliary energy,
Tg = propulsive endurance time, and

Vg = endurance speed.
Each vehicle may be operated in many ways, each
with its own load schedule. Therefore, it is felt more
useful to specify the available energy then to scale
according to a given load profile.
Envelope-to-interior volume ratio:

A

7= 17

PwVi

where py is water density.

Operational Model

Once a vehicle has been designed, it is necessary
to ascertain the best way to operate it. How fast
should it dive? How long should a mission be? At
what speeds should it search? The object of these
questions is effectiveness. For the example of a
search vehicle, effectiveness is determined by how
well and how quickly an area is covered. The vehicle
must be operated in such a manner as to make the
most effective use of the day. To solve this problem,
it is broken down into several parts: surfaced and
preparatory operations; diving and ascent; and
search or bottom operations.

Surfaced and preparatory operations cover re-
plenishment of the submersible and the acts of put-
ting it into and removing it from the water. They are
dominated by battery charging, which would vary
with the extent of discharge. However, for preliminary
calculations, those times may be assumed to be
constant.

Diving time and energy, as well as surface time,
set the time and energy limits for bottom operation.
The best strategy for bottom operation is selected as
part of the operational optimization program dis-
cussed later. The time constraints are defined as

T; = launching time, h,
To = recovery time,
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Tp = descent time,

T, = ascent time,

Tr = topside servicing time,

Te = time for changing crew,

N; = number of dives per day,

N, = number of crew changes per day, and
N3 = number of topside servicings per day.

On the premise that the boat makes repeated dives
of identical pattern, the bottom time, Tg, in hours per
day, is

Tg=24-[Ny(Ty+Tp+Tp+To)+ NoTc+N3Ty]
Bottom time is made up of actual searching time, Tg,

plus time consumed in submerged transiting be-
tween sites, Tg, so that

TB=TS+TR

The energy terms of interest are

Es = energy consumed per search,

E; = energy consumed in launching,

Ep = energy consumed in descent,

E4 = energy consumed in ascent,

Ey = energy consumed in retrieval of boat, and
Ec = energy consumed in changing crew.

Then the total energy that must be supplied in a day
is at least

NlEs+Nl(E1+ED+EA+E0)+N2EC

Since the energy supplied in topside servicing is
limited by design, compromises must be made to
reduce both the loads and duration of activities when
not searching.

Power and speed terms must be introduced in
order to calculate energy consumption:

Pyp = nonpropulsive power demand—searching,
Pyr = nonpropulsive power demand-—transiting,
Vs = searching speed, and
Vr = transiting speed.

With the foregoing, the energy consumed in bottom
operations may be calculated from

Eg= TR(PHT +Kga% V}’)+TS(PHP+ Kg A% vss)

Effectiveness Model

In general, when searching for an object, one
begins looking where there is the greatest likelthood
of finding it. If that is unsuccessful, one should
continue searching in a systematic manner in the
zones of highest remaining probability of detection
considering searching time and consumed battery
power.

The first problem, therefore, is to select the zone
of highest probability at any given time in the search.
Usually, before the search begins, the search location
is described by coordinates with some uncertainty.
The uncertainty in the x and y directions may be

different, but based on those uncertainties a proba-
bility versus range function or surface can be de-
scribed about a known point. The surface would
provide a value for the probability of the object
existing at some range and direction. The surface
should reflect such effects on the probability of loca-
tion as known or possible errors in locating the
splash point, a distribution to account for the migra-
tion caused by the object in its descent, and a
modification based on the topography of the bottom.

A simplified example of how such a probability
curve might be constructed is shown in Fig. 13 (only
one plane shown). The resulting probability curve
represents the total probability of the object existing
for any given range. If we were to consider, in addi-
tion, a similar curve perpendicular to the plane of the
paper, we could construct a probability surface; it is
this probability surface that is of interest. The type
of search pattern that should be executed for the
given area is precisely defined by the contours ob-
tained by slicing the probability surface with hori-
zontal planes. For some reasonable distribution
function perpendicular to the surface of the paper,
the horizontal planes might produce contours such
as shown in Fig. 14.

The lines represent contours of constant probabil-
ity, the greatest being at the center and decreasing
outward. The general shape of these contours is
highly dependent on the bottom terrain. The ellip-
ticity depends on the differences between the dis-
tributions in the x and y directions. In the case of

Probability associated with
errors in locating Splash Point

Suspected Splash Point

Distribution on bottom
about Splash Point

Suspected Splash Point
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Fig. 13 Probability of finding an object (one plane)
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Flg. 14 Contours of constant probability for finding an object

near symmetry in the x and y directions, the search
contours become circular. For lack of better informa-
tion, the simple symmetrical case, leading to circular
rings of constant probability, may be chosen for the
effectiveness model.

Model Description

The program deploys the submersible in the ring
of highest probability, and searches that area, con-
sequently reducing the probability of target presence
in that ring. The reduction modifies the height of the
probability surface to correspond with the just com-
pleted search. The submersible then proceeds to the
ring of next highest probability, probably at a speed
different from the searching speed. Repeatedly, the
submersible would be redeployed to the ring of high-
est remaining probability, until the total probability
of the object rematning undetected falls below some

Bands of constant probability

Proposed vessel location

Sweep width of side scan sonar

Fig. 15 Search deployment
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level or the total bottom time exceeds some limit, or
the total battery power expended at the bottom ex-
ceeds some limit. Figure 15 shows how the vessel
might be deployed. In that figure, the vessel begins
the search at location A and searches the circular
area swept out. The submersible then transits radi-
ally to location B and searches that ring. The search
proceeds to location C, and so forth.

In this example, searching at 2 knots was found
to provide a greater probability of detection than
speeds of 3 knots or faster. It was not ascertained
whether or not 2 knots was the precisely optimal
value, but it could be inferred that designing the
submersible for speeds greater than 2 knots or so
could not be justified.

Cost Model

Tradeoff decisions are reflected in life-cycle costs
for the entire system. These include design develop-
ment, procurement, maintenance, operation, and
training costs.

Table 4 Vehicle cost equations

System Cost

Pressure Hull Dpyy = S1 + S;Wpy

Exostructure Dex = S3 + S4Wex
Fairings Dr=Ss + SsWr
Compressed Air Dca = S7 + SeWca

Main Propulsion

Thrusters

Control, Navigation,
Communications
(internal)

Metabolic Processing

Climate Control

Furniture

Ballast

Battery

Electric Power
Conditioning

Control Surfaces
Flotation
Internal Payload

External Payload

Dyp = Sy3 + S12Wamp

Dr= 813 + S14Wr

Dci= S5 + S16War

Duer = S17 + S18WMer

Dcic = Si9 + S20Were

Dru= §zx + S22(Wrce - 200N)

Dp= 533+ $24Wp
Dgg = Sp5 + S26Wps
Derc = S27 + S28WEre
Dcg = Sz9 + S3oWce
Ds = S3) + S32Ws
Dpy
Dpg
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Acquisition costs for specific subsystems, com-
ponents, etc., should include all of the costs involved
in producing them. The cost equations for each
element are solved and the values are tabulated.
The initial costs of elements not considered in the
cost equations (for example, crew training and spe-
cial development costs) are accumulated and tabu-
lated with the results of the cost equation calcula-
tions. Cost factors such as mission profile,
maintenance, and overhaul costs are used to estab-
lish the operational life-cycle cost estimate. The total
life-cycle cost for each system will be the aggregate
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sum of all development, production, and operational
costs.

Vehicle Cost Equations

The cost equations in Table 4 are those for manu-
facturing and installation. For a given set of design
criteria, it may be assumed that the cost of a system
is linear with its weight. The coefficients S therefore
are descriptive of one design family for one set of
numerical values. The total cost is then the sum of
the items in Table 4.



Chapter i

Characteristics and Development of

Submersibles'

E. E. Alimendinger and J. A. Pritzlaff

1. Introduction

the need to penetrate aquatic environments for

military, 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. Submarine 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 fifth century B.C. until fairly
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 peaceful underwater pursuits, it was
not until recent years that underwater vehicles were
used extensively for other than military missions.

Submersible development has drawn extenstvely
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.
It is said that he successfully demonstrated his boat

S INCE ANCIENT TIMES, man has had the desire and

'This chapter contatns matertal from an article written byE. E.
Allmendinger for the OCEANUS magazine of the Woods Hole Ocean-
ographic Institution, which has given 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 Turtle (Fig. 2), built
by American colonial David Bushnell during the
Revolutionary War, made the first recorded attack by

I
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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 Turtle, built during the American Revolution,
carried only one man, who had to crank the propeller, adjust
ballast, and steer by looking through tiny portholes
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a submersible on an enemy warship, the HMS 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, frightened the British
into moving the fleet's anchorage to more prote >ted
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 sail-pow-
ered 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 buildng
the steamboat Clermont.

The Hunley was one of several “David-class”
submers t:les built by the Confederate Navy during

Fig. 3 The Nautilus, built by Robert Fulton, was demonstrated to Napoleon in 1800
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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 first successful attack on an enemy
warship, sinking the Federal corvette Housatonic 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 1900's, the U.S. Navy
commissioning its first submarine, the USS Holland,
in April 1900 (Fig. 4). Although the Holland's 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 Aboukir,
Cressy, and Hogue within a few minutes. Since that
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CHARACTERISTICS AND DEVELOPMENT OF SUBMERSIBLES

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. Navy’s 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 mese 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 frequent 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

7y
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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-heralded
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"? hull form,
uncluttered with extensive superstructure and ap-
purtenances in order to minimize submerged resis-
tance and improve high-speed maneuvering. The
USS Albacore, with its streamlined hull, and the USS
Nautilus, the world’s first nuclear submarine, initi-
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, sclentists 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
fused quartz viewports. This 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 (34 in.)
wire rope. William Beebe, a zoologist, 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 bulilt 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 1)
inside diameter and a shell thickness of 44.5 mm
(1.75 in.}.

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

A phrasc often used in describing the {deal hydrodynamic
hull-form for decp submergence propulsion.

Flg. 5(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 first bathyscaphe, called FINRS-2 after
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the Belglan research society funding the project
(Fonds National Belge De La Recherche Scientifique),
embodied principles used in the balloon, FNRS. 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.

Piccard’s first bathyscaphe, FNRS-2 (Fig. 6), was
bullt in 1948. It consisted of a 2-m-inside-diameter
- (6.58 f1) 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 fron shot as the drop weight.
Gasoline, although a lquid, 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 materlal 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 FNRS-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 faflure. The bathy-
scaphe was battery-powered, and this direct-current
power was used to control the release of the {ron 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
FNRS-2 was not completed nor were tests started until
1948. FNRS-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 funding), 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

CHARACTERISTICS AND DEVELOPMENT OF SUBMERSIBLES

Fig. 6(b) Piccard's first bathyscaphe, FNRS-2 (1948)

repair. Because funds were not available to continue
the project, work on FINRS-2was stopped. The French
Navy took an interest in the program, and the FNRS-2
personnel sphere was used for an improved bathy-
scaphe, FINRS-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 FINRS-3
program to build a new bathyscaphe in Trieste, Italy.
This craft, named Trieste (Fig. 7), made dives to
3692 m (12 100 fi) 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 1950's 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 from
1973 to the present. Initiation of the first generation
began in Italy in 1952 with the building of the
bathyscaphe Trieste by Piccard. This vehicle was
purchased by the U.S. Navy in 1953 and eventually,
onJanuary 23, 1960, made a historic dive t0 10 915.m,
(35800 ft) in the Mariana Trench off Guam, This
record depth has never been reached again by a
submersible. During the same time frame the
French retired FNRS-3 and built a new bathyscaphe,
Archimede (Fig. 8). It made dives in 1962 to 9604 m
(31 500 ft} in the Kurile Deep of the Kamchatka
Trench off Japan.

3The "present” is mid-1988.

Flg. 7(a) The bathyscaphe Trieste (1960 configuration) on
display at the Navy Yard Museum, Washington, D.C.
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Flg. 8 The French bathyscaphe Archimede
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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 first shallow-diving submersibles to be used in
the United States during the mid-1960's (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 Calypso. 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 carefully coordinated manner. The solution,
developed by Fred Spiess of Scripps Institution of
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X Fig. 7(b) Cutaway of the Trieste, 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 Submersible, 1966)



Oceanography in California, was to mount all re-
quired instruments on a single frame, the total as-
sembly being called a fish, 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 Mizar,
which is known for its successful role in the undersea
searches for the ill-fated nuclear submarines USS
Thresher and USS Scorpion and for the H-bomb lost
off Palomares, Spain. Those successes notwith-
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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 II, to locate, in-
spect, and photograph the wreck of the USS Thresher
in 1963 and to revisit the site in 1964. Modifications
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 first 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 first
phase was the tragic loss of the Thresher on April 10,
1963.

The Thresher’s legacy was to focus national atten-
tion on the marine environment—on 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 compantes, 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”

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 from this major source of support. Thus it
was, with few other customers in sight, that the great
expectations faded, many companies withdrawing from
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 fleld 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 Asherah
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

e

Fig. 10 The Star I/l by Electric Boat Division, General
Dynamics Corporation, Groton, Connecticut
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Fig. 11 The Turtle/Seacdiiff by Electric Boat Division, General
Dynamics Corporation, Groton, Connecticut

Hawaiian Islands) and Star IOI (Fig. 10), 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 Turtle (Fig. 11) and Sea Cliff.

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, scientific,
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 first-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 ol
and gas industries. These activities have generated a
wide varlety of tasks, including (1) seafloor surveying
for suitable footings 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, Archimede, and Cyanad) and (2) the 1979 East
Pacific Rise study, locating thermal vents surrounded
by an amazing array of benthic organisms (Alvin).



The Alvin (Fig. 12), launched in 1963, had an
HY100 pressure hull. Since it was the first time this
material had been used for a manned personnel
sphere for these depths (1829 m [6000 ft]), three
hulls were built—one to test manufacturing tech-
niques, one to test to destruction, and one to use for
the Alvin. All three spheres were built with better
than the expected tolerances for thickness, spher-
leity, and metallurgical flaw inclusion. When one was
to be tested to destruction, it was the test tank that
failed. Hence all three hulls were available: one for
the Alvin and two for future use (Sea Cliffand Turtle).

Alvin is perhaps the most successful of any of the
U.S. submersibles, having more than 2100 dives in
her 25-year history. She was also the first manned
submersible to be lost at sea. During a launch evo-
lution in October 1968, off the Atlantic coast, in
1540 m (5052 fi) of water, a cable on the support
ship’s launch elevator broke and dropped Alvin into
the water with its main hatch open. The crew es-
caped, but Alvin sank to the bottom. After about one
year she was recovered through the use of another
submersible (Aluminauf). Alvin was rebuilt and later
a titanium pressure hull was added, giving her a
depth capability of 4000 m (13 120 ft). During U.S.
+ Navy overhauls, the Turtle was upgraded to 3048 m
(10 000 ft), and Sea Cliffwas extensively rebuilt with
a titanium pressure hull for a 6097 m (20 000 ft)
capability.

<d

2.2 Manned and Unmanned Submersibles

The term submersible has been used to this point
th few qualifying adjectives. However, continued
discussion of second- and potential third-generation
submersibles necessitates a categorization of these
vehicles. Although there is no universally accepted
terminology for this purpose, Table 1 outlines the
categories on which the following discussion s based
and lists examples for each category.
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Fig. 12 The Alvin by General Mills/Litton Industries,
Minneapolis, Minnesota
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Table 1 Types of submersibles (see Fig. 13)

A. Manned submersibles
1. One-atmosphere submersibles
a. untethered or free-swimming
« Tneste
«  AMn
b. tethered
» observationwork bell
* ADS-atmosphere diving suit, Jim
*  Mantis
2. Ambient-pressure submersibles
a. untethered: swimmer/diver delivery vehicles
b. tethered: diving-bell or personnel transfer capsule
3. Diver lockout submersibles—combination of 1 and 2
a. untethered
*  Perry PC 1801
* Johnson Sea-Link I and Il
b. tethered: mobile diving unit
B. Unmanned submersibles
1. Untethered submersibles
a. preprogrammed: torpedo
b. autonomous
* Epaulard (France)
* FEave-East '
2. Tethered submersibles—remotely operated vehicles
(ROV)
a. towed: deep-tow
b. self-propelled
» 3DM (three-dimension mobility): CURV
* 2DM (two-dimension mobility): “bottom
crawlers”

The two major categories are manned and un-
manned submersibles. Principal types of manned
submersibles include one-atmosphere, ambient-
pressure, and combination vehicles that may be
either untethered or tethered to the support ship.
Principal types of unmanned submersibles include
untethered and tethered vehicles, either free from
the support ship or connected to it or to an inter-
mediate “vehicle garage® by a cable, Unmanned,
untethered submersibles may be subtyped as either
preprogrammed or autonomous—vehicle systems for
which man may either be included or excluded from
the “control loop.” Unmanned, tethered submers-
ibles may be subtyped as towed or self-propelled,
but all of these include man in the “control loop.”
For this reason, these submersibles are almost
always referred to as remotely operated vehicles
(ROV).

In a manned, one-atmosphere vehicle, the man is
encapsulated in a thick-walled, shell structure called
a pressure-hull, which allows his body to remain
essentially at the same pressure throughout the
dive. These hulls, which resist external pressure,
may be cylindrical for relatively shallow depths, but
must be spherical for deeper depths, the sphere
being the more structurally efficlent shape. For a
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Fig. 13 Categories of submersibles

given weight/displacement ratio of a spherical
pressure hull, only the efficiency of the material
(strength/density) of the hull limits a one-atmo-
sphere submersible in its depth capability (the
world’'s two bathyscaphes, Trieste and Archimede,
have descended to greater depths than Alvin's
4000 m capability.

In an ambient-pressure vehicle, by contrast, man
is still enclosed in a pressure-hull, but his body is
subjected to the ambient pressure at the work site.
Unlike that of the one-atmosphere vehicle, the hull
of this vehicle may resist pressure from both within
and without. Ambient-pressure submersibles are
depth-limited by man’s limitations in withstanding
hydrostatic pressure. Diver-depth records in hyper-
baric laboratories currently exceed 610 m, while the
record at sea is somewhat more than 457 m, “satu-
ration diving” techniques and equipment being used
in both instances. Ambient-pressure submersibles
also include “wet” vehicles, such as the Waterdinger,
on which divers ride through the water. These are
usually called diver transport vehicles.

Also, one-atmosphere and ambient-pressure
submersible characteristics may be combined in
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what is known generally as a diver lock-out vehicle.
The vehicle operator (the pilot) and the person
directing diver activities occupy the one-atmosphere
hull while divers occupy the ambient-pressure
hull, as in the mobile diving unit. Untethered ver-
sions of this vehicle include the Perry PC 1801 and
the Johnson Sea-Link. Such a system conserves
diver energy and time, especially when work sites
are extended over a large area or long distance such
as would be the case in pipeline survey and repair
work.

Untethered and tethered manned submersibles
embody design trade-offs, with the choice between
them based on mission requirements and cost-effec-
tiveness. Untethered submersibles, often called free-
swimming vehicles, are completely free to move in
three dimensions and descend uninhibited by the
support ship's position or motion. Trieste II, an ex-
ample of this type (Fig. 14), was retired from active
service in May of 1984. Untethered submersibles,
however, are obliged to carry their energy source .
(lead-acid or silver-zinc batteries) and life-support
materials on board, thus adding very significantly to
the vehicle's weight, size, complexity, and cost.

Use of a tether permits an essentially unlimited
supply of power and breathing gases, a lowering/lift-
ing capability, and a superior (to sonar) “hard-wire”
communicating ability. The observation/work bell
is an example of this type (Fig. 15). Consequently,
tethered submersibles can be made lighter, smaller,
and less complex than untethered submersibles,
while submerged endurance and heavy-work capa-
bility are improved. On the other hand, mobility,
maneuverability, and depth capability are now sig-
nificantly more restricted with the vehicle being
physically linked to the support ship. In addition,
tether drag inhibits vehicle motion, and the dangers
of tether entanglement and breakage are always
present, particularly if the work site is an underwater
structure or is cluttered with obstacles.

.14

Trieste I1: untethered, manned submersible



Fig. 18 Observation/work belt

Unmanned submersible types also may be desig-
nated as untethered or tethered vehicles. Design
trade-offs for these types parallel those already noted
for manned submersibles, with additional consider-
ations created by man’s absence from the vehicle:
how to control its motion and work functions to
accomplish mission tasks and how to transmit in situ
information to a remote station. To date, these con-
siderations have made the use of tethers mandatory
for most vehicles. Tethers for these functions alone
can be of small diameter and light weight.

Untethered submersibles of the autonomous type
have been receiving increased attention in the past
few years. Mostly in the experimental stage at pres-
ent, they show potential for eventually removing man
from the “control loop” for many applications.

The preprogrammed subtype of unmanned, un-
tethered submersibles has existed since 1 866, when
Robert Whitehead's torpedo made its debut. Pro-
grammed prior to being released from man's control,
this type of vehicle is capable of executing predeter-
mined decisions, the simplest example being a torpedo
following a prescribed course at a specified depth.

The essential difference between it and the auton-
omous submersible is that the latter can both make
and execute decisions. This ability is the result of
incredible developments in the fields of microproces-
sors/computers and associated software, robotics,
and artificial intelligence. However, extremely diffi-
cult problems, including the inability of the proto-
types to transmit large quantities of information
through water, remain to be solved before the auton-
omous submersible can realize its full potential.

The category of unmanned, tethered submers-
ibles, as noted, includes towed and self-propelled
subtypes, with the latter being further subdivided
into three- and two-dimensional mobility (3DM and
2DM] vehicles. The towed vehicle is a descendant of
the first deep tow (Fish). It carries an instrument
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Fig. 16(c) Mobile Diving Unit—manned-tethered
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