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ANNOTATION

[Text] A study is made of the basic content and methods of solving problems in
the theory of analytical design of ships -- a new area in general design theory
connected with scientific substantiation of design assignments for ships of
various classes and types. Methods of evaluating the technical characteristics

of ships in the analytical design phase, their effectiveness indexes, economic
indexes, in particular, the cost of building and maintaining the ship as part of
the fleet, the military-economic optimization of the tactical-technical character-
istics of the ship are discussed. The book is intended for ship design special-
ists.

There are 8 tables, 61 illustrations and 67 references.
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SCIENTIFIC EDITOR'S PREFACE

The scientific substantiation of the development of the naval fleet, the studies
of the laws and principles of its construction touch on a broad class of problems
pertaining to determining the expedient direction of development of the fleet,

. the nature of its balance, the deadlines and sequence for building ships, weapons,
accessory equipment and engineering devices, and their operation and maintenance.
The solution of the indicated problems is encountering serious difficulties in
connection with the unprecedented technical. complication, rise in cost, and short
deadlines for building ships, their weapons, accessory equipment and equipment.

Accordingly, generation of the assignment to build a new ship under modern condi-
tions requires profound, multivariant scientific research develojwents, comprehen-
sive analysis of possible alternative solutions and, on the basis of this analysis,
synthesis of the design of a ship with optimal tactical-technical characteristics.
This approach to the process of building a ship has taken the shape of a special
phase called analytical design.

This book by L. Yu. Khudyakov is one of the first attempts to present a systematic

- discussion of the procedural problems of the theory of the analytical design of
ships. Along with three basic aspects (operative-tactical, technical and
economic) which provide the basis for amalytical design, significant attention is
given to the problem of optimizing the tactical-technical characteristics of the
designed ship, The book has been written on a very high scientific level using
the corresponding mathematical apparatus and illustrative examples.

The circle of problems considered during the analytical design of ships is quite
broad, and it is very difficult to discuss each of them in sufficient detail.

Traditional courses in ship design theory are devoted to the problems of determining
displacement and the principal dimensions and also the planned provision for the
basic shipbuilding properties of the ship as a floating facility. At the same time
the approximate solution of these problems is only one of the steps (blocks in

the terminology of the author) of analytical design -- the technical development
phase of the versions of the ship. In the plan f6r writing the book there is a
more complex problem of the development of the methodology of analytical design
encompassing analysis of the broad spectrum of combat and engineering characteristics
of a ship interrelated with the indexes of military-economic effectiveness.
Therefore from the point of view of completeness and, above all, detail.of the
discussion of all problems considered in the analytical design of ships, the book
by L. Yu. Khudyakov cannot claim to be the "last word" in solving the stated prob-
lem, For example, the book does not consider the specific problems of planned

2
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provision for various characteristics of the ships in the analytical design
phase, the complete algorithms for calculating the effectiveness indexes,
qualitative conclusions with respect to the optimal combination of tactical-
technical characteristics of ships of different classes, and so on.

However, the purpose of this book is only. to introduce the reader to a group of
basic ideas and methods of the theory of analytical design of ships, and from
this point of view it has been written entirely satisfactorily and will be useful
for a broad class of speclalists involved with the analytical design of ships.
The book is especially useful for specialists who have begun to study analytical
design inasmuch as after reading it they will be able to delve more purposefully
into their field.

The value of the book also lies in the fact that it is a useful scientiffc start
for further development and improvement of analytical design using the achieve-

ments of computer engineering and its capabilities for the creation of automated
- design.
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INTRODUCTION

The military potential of the naval fleet is determined by many factors, and one
of them is the makeup of the fleet containing various types and classes of
submarines, surface ships, and support ships in the number and combinations
corresponding to the missions facing the fleet and the balance of it [15].

This paper has as its purpose to offer a brief systematic discussion of the
problems pertaining to the method of developing ship design assignments and also
design research connected with substantiating various solutions in shipbuilding.

The effectiveness of a ship arises from a number of its properties such as
accessory equipment, shielding, survival probability, reliability, seakeeping,
and so on. These qualities are quantitatively characterized by values called
tactical-technical elements (TTE). In turn, the TTE depend on a number of
characteristics of the weapons, accessory equipment and technical méans -— the
technical design parameters (TDP).

In the consolidated plan, the insurance of high effectiveness of a ship is
connected with solving two basic problems: the development and the creation of
improved types of weapons, accessory equipment and technical means -- the "bricks"
from which the "building" of the ship is constructed -- and the substantiation
of an efficient combination of primary characteristics of the ship, that is, its

- intent and the specific values of the TTE and the TDP.

The solution of the first of the indicated problems involves machine building,
electrical engineering, instrument making, material sciences, ship's theory and
structural mechanics and also a number of other areas of science and engineering.
The second problem is within the competence of ship design theory. At the same
time, it must be noted that the two indicated problems cammot be solved separately
from a third pertaining to the conditions of combat use of the ship as an element
of the system of mixed forces of the fleet called on to solve one-combat problem
or another. This problem pertains to the operative-~tactical area, but it must

be considered in its interrelation to the formation of the enginéering désign of
the ship.

The creation and the introduction of nuclear missiles, nuclear power engineering,
radio electronics and other achievements of scientific and.technical progress on
board ships have led to a qualitative jump in improvement of the effectiveness

of the ships. Under these conditions and in connection with sharp complication
of ships from the tactical point of view, increased cost of building and maintain-
ing them and also the more complex nature of the combat use of ships, the problem

4
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of optimizing the TTE and the TDP has acquired special urgency. At the present
time it is insufficient to conmsider only the operative-tactical aspects in_the
earliest stages of compiling the assignments for building ships. A complex study
{s needed which takes into account the technical and economic factors.

This problem is solved by design developments with broad variation of the entire
set of tactical-technical characteristics (TTC) of the ships. Such developments
aimed at the discovery of the optimal combination of TIC of a designed ship have
come to be called analytical design (AD). Its basic practical "output" is the
scientifically substantiated data used to develop shipbuilding plans and also the
ship design assignment.

In this book a study is made of the basic content and methods of solving the
problems of AD theory as one of the basic areas of general ship design theory.

The class of problems arising during the process of the analytical design of

ships is very broad. The statement and the methods of solving a number of AD
problems, for example, estimating the effectiveness and optimization of the TIE
and TDP do not enter into the traditional courses in ship design theory [4, 26, 35].
The book by V. V. Ashik [1] which contains a chapter on the optimization of the
characteristics of the designed ship, published in 1975, constitutes an exception.
However, the problems of the methodology of the development of ship design assign-
ments are not considered in this book. It is also necessary to note the book by
A. A, Narusbayev [34] which is very similar with respect to content to the
problematics of the theory of analytical design, but it does not fully encompass
the class of analytical design problems. In contrast to the paper by

A. A, Narusbayev, the present book contains a more detailed investigation, for
example, of the problems of comstructing and calculating the effectiveness
indexes, evaluating the economic indexes and certain other problems. Therefore,
the author hopes that the material of this book will help the reader to have a
more complete view of the analytical design problem.

Analytical design as a system and an independent step in the multistep process of
ship design has now found its place in the work practice of specialized organiza-
tions. The given book pursues the goal of familiarizing the reader only with the
fundamentals of methodology of analytical design inasmuch as this methodology and
the theory corresponding to it are continuing to be developed and improved
intensely. Accordingly, the author has tried to give attention to-a number of
procedural..difficulties and problems and also to say more about the problems which
previously were not included in traditional courses on ship design theory.

When discussing the material of the book, the author used the SI system. In
particular, the condition of equilibrium of a floating ship without way is
expressed not in the form of a direct equality of the weight of the ship (the
pressure of the ship in the water caused by gravity) to the buoyancy force (the
total force of hydrostatic pressure of the water against the hull of the ship),
but in the form of equality of the mass of the ship to the mass of the water
displaced by it.

Many comrades gave the author a great deal of assistance in working on the book.
Among them it 1s necessary especially to mention honored scientistsand engineers
of the RSFSR, Doctors of Technical Sciences, Professors V. N. Burov and

L. A. Korshunov, Candidates of Technical Sciences B. A, Kolyzayev,
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A. P. Makkaveyev and Ya. V. Gakh. The author expresses deep appreciation to them
for their assistance and support. The improvement of the book has been greatly
promoted by the counsel and advice of the reviewers: Honored Scientist anl
Engineer of the RSFSR, Doctor of Naval Sciences, Professor S. K. Svirin and
Doctor of Technical Sciences, Professor V. T, Tomashevskiy. The author is also
grateful to N. M. Ivanova, M. G. Tepina and G. D. Karanatova for assistance in
laying out the manuscript of this book.
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CHAPTER 1. BASIC PROBLEMS OF THE THEORY OF ANALYTICAL DESIGN OF SHIPS
§1.1. Subject of Analytical Design Theory

The subject of AD theory is the set of Trcl of a ship investigated from the
operative-tactical, technical and economic points of view to select the version
(or versions) of the ship most preferable in the ‘sense of effectiveness of

the solution of the stated problems and the possibilities of building and main-
taining the ship as part of the fleet.

This definition can be extended also to civilian ships if by the TIC we mean the
operating-technical characteristics of the ships, and by the operative~tactical
point of view, the investigation of the effectiveness of their use for the
corresponding purposes (transport, fishing, scientific research, and so on).

At the present time AD is conducted to solve the following problems facing ship-
building: the substantiation of the directions of development of ships for the
future considering the achievements of scientific and technical progress; the
-development of ship design assignments; the discovery of areas in which the general
requirements on ship design and substantiation of these requirements must be
developed; substantiation of the directions of development of ship equipment --

and for warships also weapons and accessory equipment -- in the future.

The necessity for AD in the interests of the two last-mentioned problems arises
from the fact that in the general case the deficiency of individual technical
solutions can be established only by estimating their effect on the overall complex
of TTC of the ship and through this complex, on the effectiveness and the possi-
bility of building and maintaining the ship. This evaluation of partial technical
solutions sometimes is called "evaluation in terms of the ship." Although in
practice "evaluation in terms of the ship" frequently encounters significant diffi-
culties, 1t is the most objective.

Thus, AD is characterized by the general procedural solution of a number of
problems connected with building ships, by weapons, accessory equipment and
technical means. The basis of this methodology is all around investigation of the
TTC of the ship as a complex technical system and search for the optimal version

considering the: use of the ship within the soyedineniye and taken together with

lgereafter the TTC will refer to the set of TTE and TDP.
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the combat materiel of other types of forces. Apparently, the term "analytical
design" was introduced for the first time in Soviet literature by V. L. Pozdyunin,
who defined it as follows [38]:

"Analytical or experimental design takes into account the existing production

and operating conditions from the point of view of replacement of them by new

conditions or alteration of them to create new structural models of the ships

, or their component elements corresponding either to entirely new goals of water
transportation and defense of the country or certain alterations of the goals."

What are the objective causes of isolation of AD theory in an independent area
of general ship design theory and broad application of AD in the activity of
scientific and design organizations?

A brief answer to this question is that the objective requirement for a scientific
solution to the basic AD problems has begun to correspond to the general
scientific possibilities of the creation of the corresponding theory.

The objective requirement of a scientific solution to the problems of developing
the requirements on designed ships, their weapons, accessory equipment and
technical means has existed for a long time, but during the periods of basically
evolutionary development of shipbuilding when for long time intervals the TTC of
ships of different classes and types changed comparatively little, the problem
of gsubstantiation of the assignments for the design of new ships was not very
urgent. The solution of this problem on the basis of intuition and experience
of the designer considering information about the TTC of ships already built and
information about thelr practical use, as a rule, did not lead to serious errors
although in a number of cases errors did occur.

The demands for objective scientific methods of substantiating the requirements

on the designed ships has increased as the ships have become more complicated

and various alternative technical conditions have appeared, none of which could

be recognized as clearly preferable without the corresponding quantitative analysis.

In 1908, A. N. Krylov proposed [25] a quantitative method of comparative evaluation
of different designs of battleships developed for competition. This method was
based on the intuitive construction of a criterion which depends on the TTC of

the ships. At that time there were no general scientific possibilities for
stricter solution of the problems of optimizing the TTC of ships. V. L. Pozdyunin
also indicated the clearly intuitive method of solving the problem of optimizing
the TTC of ships, talking about the necessity of "collective investigation of both
assignments and designs in various design stages at specially organized scientific
and engineering conferences..." [38]. Although at this time the so-called expert
evaluations is used, the basis for it is the special formal-logical methods of
processing opinions and estimates of the experts which were developed comparatively
recently.

The necessity for careful development of assignments for design of modern ships,
optimization of their TTC and the directions of development is obvious at the
present time. This arises from the complication of ships from the technical point
of view, a sharp increase in the number of possible alternative technical solutions
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and versions of operative-tactical use and also an increase in cost of building
and malntaining the ships. There are examples where the ships have become
obsolete during the design process or they have turned out to be ineffective as a
result not only of the high rates of scientific and technical progress, hut also

_ the insufficiently complete and comprehensive substantiation of the ship assign-
ments. Generally speaking under the conditions of acceleration of the rates of
scientific and--technical progress, the rate at which the ships become obsolete 1is
increasing and, consequently, the optimal times for them to be part of the fleet
are decreasing. This fact, along with an increase in cost of building and main-
taining the ships, is leading to an increase in the price of errors and miscalcula-
tions when designing them.

It is clear that for sufficlently accurate optimization of the TTC of a ship it is

already necessary in the design stage to estimate the effectiveness ci solving the

missions assigned to the ship. At the same time the ship is a complex engineering

dynamic system, the characteristics of which can, generally speaking, vary randomly

- with time as a result of interaction with the external emvironment and the enemy.

- The mathematical expectation of the processes of the functioning of such systems is
encountering serious dffficulties, including difficulties of a computaticnal nature.
Similar difficulties also exist when solving the problems of optimization occurring
when designing complex engineering objects. Here, first of all, it is necessary
to note the complexity of the optimizable functionals which, as a rule, can be
given only by sufficiently complex algorithms, ambiguity of the optimization cri-
teria, complexity and variety of the limiting conditionms, and so on.

The above-indicated difficulties in solving the basic AD problem —- optimization
of the TTC of the ship ~- were essentially, although not finally, overcome after
World War II when high speed computer engineering came into being, and a number
of new mathematical methods of optimization and also mathematical simulation of
the structure and functioning of complex objects and processes were developed.
One of the first studies by the new mathematical methods of optimization must be
considered the works of L. V. Kantrovich with respect to statement and solution
of the problems of linear programming [22].

- Thus, the increasing demands for scientific solution of the basic problems of
the analytical design of ships has to a known degree begun to correspond to the
general scientific possibilities of the theoretical formation of AD as a new
applied scientific area. This is also an objective cause for scientific formula-
tion of AD theory as an independent branch of general design theory.

. §1.2, Basic Problems of AD Theory and the General Characteristic of the Methods
of Solving Them

In accordance with the final goal of AD —- optimization of the TTC of the ship on
the basis of analysis of the operative-tactical, technical and economic aspects

connected with building and using it in the fleets -- it is possible to isolate
the following procedural problems subject to solution in the AD process.
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1. Determination of the sets of TIC of the versions of the ship subject to
comparison for optimization -- the so-called eéngineering design block.l

7. Determination of the effectivenesss index of the ship with different sets of
TTC when solving the problems invested in it — the effectiveness evaluation
block.

3. Estimation of the service indexes, that is, the expenditures of different
types of reserves.,2 including economic, required for the building and maintenance
of the ship -- the reserve block.

4. The optimization of the TTC of a ship, including the selection and construc—
tion of the optimization criteria -- the optimization block.

These problems, the block diagram of the solution of which is shown in Figure 1.13
are characteristic of the AD process not only for ships, but also any accessory
equipment system [51], civilian vessels and, in general, any technical systems
with the corresponding interpretation of the concept of effectiveness.,

In the subsequent chapters a study will be made of the content, and a characteris—
tic will be presented for the methods of solving the problems of each of the
. above-indicated AD blocks, and meanwhile we shall make a few preliminary remarks.

In essence, the problem of the engineering design block which will be called the
technical block for brevity, coincides with the basic problem of ship design theory
in the understanding established up to now. Actually, we are talking about
determining the set of TTC of a ship which satisfies certain values of variable
characteristics. The basic content of design theory is defined in this way in

the existing literature. The methods of solving different problems connected with
technical development of the designed ship are discussed in a number of courses

and monographs on design theory [1, 4, 26, 35].

The necessity for investigating a large number of versions of the designed ship
with limited information with respect to a number of initial and intermediate
data, including those pertaining to the geometric shape of the ship and its

liere and hereafter the term '"engineering design".reflects:the essence of the
problem solved in the given stage —- determination of technically compatible
sets of TTC of the ship (in contrast to the engineering design stage in the
general process of building the ship). )

2In the given case the term "reserve" 1s understood im the broader sense in
contrast to the application .of this term, for example, for denoting the endurance
index in reliability theory.

3Hereafter the step of developing the intent of the ship will not be considered
inasmuch as basically unformalized methods and approaches are used in this step.

10
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Figure 1.1. Block diagram of the process of analytical design of a ship
Key:
1. Intent of the ship
2. Variable tactical-technical characteristics
3. Engineering design block
4, 1Initial data for engineering design
5. Effectiveness evaluation block
6. Reserve block
7. Initial data for estimating effectiveness
8. Optimization block
9. Initial data for technical-economic evaluation
10. Optimal version of the ship

component elements is characteristic for AD. Therefore in the AD stage broad use
is made of the so-called analytical methods-of design (see Chapter 2). Inasmuch
as during the AD process quite frequently it is necessary to cunsider versions

of the ship not having designed or comstructed analog, it is necessary for the
specialists in AD operatively to develop relatively simple approximate procedures
and approaches for quantitative evaluation of a number of characteristics. Here,
just as when solving other AD problems, much depends on the skill, experience

and intuition of the researcher, although the decisive role unconditionally belongs
to knowing the basic principles and achievements of the corresponding special
sciences. An important methodological procedure of AD theory is also the
application of the methods of similarity and mathematical statistics which permit
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determination of the characteristics of the designed ship by analogous
characteristics of analogs already built or designed.

From the point of view of the technical development of a ship, the.design process
usually is divided into the following steps: technical developments when prepar-
ing and substantiating the operative-tactical intent of building the ship (as a
rule, they are satisfied within the framework of the research with respect to
shaping the prospective shipbuilding programs); technical developments for the
preparation and substantiation of the tactical-technical assignment for ship design
(the conceptual design), the preliminary design, contact design, development of
werking drawings (detail design). The technical development of the versions of

the ship during AD is carried out on the level of the first two of the above-
indicated steps.

In order to have the possibility of quantitatively evaluating the effectiveness
of the designed ship, it is necessary first of all to select the index or indexes
of effectiveness and, secondly, to construct the algorithm making it possible to
calculate their values as a function of the TTC of the ship.

The theoretical basis for solving the indicated problems is a comparatively new
applied science formed after World War II -- operations research -- which studies
the methods of quantitative estimation and optimization of various purposeful
effects. The basis for this science i1s mathematical simulation of the functioning
of the investigated system and optimization of various parameters on which this
functioning depends. The theory of operations research uses a large arsenal of
mathematical methods connected with probability theory, random process theory,
mathematical statistics, mathematical methods of optimization, and so on. The solu-
tion of the majority of practical problems in the field of operations research
requires the application of a computer., There is a broad literature on the theory
of operations research and its practical applications [12, 13, 19, 24, 31, 45, 59].

It must be noted that individual problems of operations research, in particular,
shooting theory, have already been resolved for a long time both in the Soviet Union
and abroad. For example, the general principles of estimating effectiveness as
applied to the problems of shooting theory are investigated by A. N. Kolmogorov [22].

Very frequently, during AD, cost is used as a united measure of the expenditures
of different types of resources required for building ships and maintaining them
in the fleet. 1In order to estimate this index in individual design stages, the
methods of similarity and statistics are used permitting evaluation of the cost
of the designed ship with respect to given analogs. If cost is used as the basic
service index, then optimization of the TTC of a ship in the AD process is called
military-economic optimization, and the research aimed at solving this problem is
called military-economic analysis.

The military-economic approach when optimizing the TTC of ships and other accessory
equipment systems, combat complexes, and so on has found broad application at the
present time [18, 51]. In the United States this approach is called "cost-

effectiveness analysis." The optimization of the operating-technical characteris-
tics by cost-effectiveness analysis is the basic problem of technical-economic
analysis for civilian ships [34].
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At the same time, the military-economic approach is not the only one for
optimizing the TTC and individual technical systems of the ships. The nature of
the reserves which must be considered in -each specific case can be highly varied
(displacement and dimensions of the ship, the conditions of .its combat and basge
support, the deadlines for building, the production capabilities of industry, and
so on). The problems of optimizing the geometric composition of a ship are of a
specific nature, that is, the placement of a weapons, accessory equipment,
technical means--and personnel on the ship. Such problems sometimes must be solved
in the AD stage.

What has been stated above gives rise to the different forms and hierarchical levels
of the optimization problems arising during analytical design of ships. As for

the purely mathematical nature of these problems, they most frequently are formu-
lated as mathematical program problems, At the same time it must be noted that

many of the problems of design optimization of ships' characteristics still do not
have strict mathematical statement,

In connection with the complexity of adequate mathematical models of the blocks of
the problem of technical development of versions and evaluation of their effective-
ness, the problems of optimizing the TTC of designed ships frequently lose visibil-
ity and the correct statement, analysis and interpretation of the optimization
results require a great deal of experience and intuition on the part of the
researcher. The solution of the design problems of optimization is also impossible
without great mathematical skill inasmuch as very frequently it is necessary to

use individual mathematical methods in different combinations.

It is necessary to consider that AD theory with respect to the optimization of the
TTC of ships only generates recommendations and the necessary information for
adopting design solutions. The final adoption of these solutions remains within
the competence of the directing agents and people responsible for the solutions.
Such people can be, in particular, the customer representative confirming the
design assignment and the chief designer heading up the entire subsequent process
of developing the ship's design.

From what has been discussed it is obvious that AD theory is an example of the
scientific area at the junction of a number of scientific fields, in particular,
ship-building sciences, operations research, applied economics, mathematical
methods of optimization, and so on. The occurrence of such areas, as is known, is
one of the characteristic features of the modern phase of development of basic and
applied sciences.

In AD theory, just as in general ship design theory, there is still no united and
sufficiently stable terminology with respect to a number of problems and concepts.
Therefore the terminology used in the given book to a great extent reflects the
personal point of view of the author and also the views of specialists known to
him, and it does not claim to final editing. In particular, the following terms
will be used many times in the text of the book: ''weapons," "accessory equipment,"
"means of combat," "combat supplies on hand," "technical means." As applied to

the ship, unless specially stipulated, these terms can be understood as follows:
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Means of combat are .means (rockets, torpedoes,mines, bombs, missiles, and so on)
having a direct damaging effect on the enemy;

Combat supplies on hand are the means of combat at storage lccatidns and in the
installations for use;

Weapons are the set of means of combat and devices for the direct use of them
(rocket launchers and artillery mounts, torpedo tubes, mortar tubes,,and so on
plus the above-indicated means of combat and combat supplies on hand) ;

N
Accessory equipment is the set of means provided for ship handling, communications
and also the use of weapons for target detection, target indication, determination
of location coordinates and the plane of the true meridian, and so on;

Technical means are various types of machinery, devices, sy-tems and other equip-
ment giving the ship maneuverability, its seakeeping qualities, steaith, invulner-
ability and habitability,

It is also necessary to consider that the terminology of AD theory is highly fluid
inasmuch as it must take into account the terminological changes in a number of
scientific disciplines and branches of industry, new classes and types of ships,
new architectural and structural features, and so on. Therefore the author hopes
that when evaluating this book from the point of view of the terminology used the
reader will consider the above-mentioned facts.

§1.3, General Statement of the Problem of Optimizing a Ship's Tactical-Technical
Characteristics as a Problem of Mathematical Programming

With respect to the nature of their influence on combat effectiveness, the entire
set of TTC of a ship can be broken only into already known groups: TTE and TDP.

By TTE we mean the characteristics which directly influence the combat effective-
ness of the ship, that is, directly enter into the algorithms for calculating the
combat effectiveness indexes as initial data. For example, the TTE include the
following: the composition of the ‘eapons and accessory equipment considering
their natural characteristics, maximum speed of the ship, its sea endurance,
cruising range, principal dimensions, handling characteristics, stealth character-
istics, protection, reliability, invulnerability, and so on.

By the TDP we mean the characteristics indirectly influencing the effectiveness
indexes through the TTE which depend on the TDP. For example, the TDP include
the following: the structural design and architectural class of the hull, the
class and characteristics of the power plant, the electric power system, the
type and characteristics of the ship's hull material, and so on.

When optimizing the set of TTE and TDP of a ship, a set -of scalar characteristics
are always isolated which are subjected to optimization, and during the process

of this optimization they can vary independently of each other. - Let us designate
these characteristics by the vector X with the components X1,..., X . This means
that each set of values of the variable characteristfcs can be placed in
correspondence to some point of an n-dimensional euclidian space. The

coordinates of this point are the values of the individual variable characteristics.
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With respect to its mathematical nature, the optimizable characteristics of xq,
i=1,..., n can.be continuous and discrete values, that is, in the general case

the variables x; can be divided into two groups: continuously variable and
discretely variable. This separation is connected with the fact that for optimiza-
tion with respect to continuous and discrete values in the general case different
mathematical methods are used. Sometimes.certain discrete characteristics can be
approximately considered as continuous or vice versa.

Along with the characteristics of the ship defined by the vector X, the effective-
ness indexes and resource indexes can depend on a number of other parameters which
do not vary in each specific investigation. The values of these parameters are
fixed by the designer either in accordance with the general and special requirements
on the design of the ship, its mechanisms and systems or on the basis of analysis

of prototypes or, finally, intuitive arguments. Let us designate these characteris-
tics by the vector ©. For example, frequently the parameters of the shape of the
ship's hull, the reserve buoyancy, the habitability standards, the general layout,
and so on are fixed in the AD stage. In special cases, individual characteristics
mentioned above as components of the vector X can also be fixed.

In addition to the characteristics defined by the vectors X and O, there is a
third group of so-called dependent characteristics, the values of which are com-
pletely defined by giving the vectors X and 0., Let us denote these characteristics
by the vector Y with the components yj,..., y,. This group includes displacement
and principal dimensions of the ship, itS’lan components, seakeeping and handling
characteristics, the parameters of the provisional laws of damage under the effect
of various forms of weapons and ammunition, stealth and protection characteristics.

The establishment of the relation between the vectors X, © and Y in the form

Y =[(X, 6) (1.1)
is the »rimary goal of the engineering design block.

In the general case the relation between the vectors X, © and Y is not fully
formalized, and it is established by the graphoanalytical method, for the determina-
tion of a number of ship's characteristics requires graphical development of the
design solutions. However, inasmuch as in AD it 1s necessary to consider a large
number of versions, an effort is made to use approximate analytical methods with a
minimum of highly tedious graphical operations.

Recently special automated design computer systems (SAPR) for ships and other
engineering projects have begun to be developed and used [18, 30, 67]. The basis
for these systems is computers and specialized electronic devices for graphical
data input and output and also the performance of certain operations of making
drawings. The SAPR combine the great computing capabilities of the computer with
the possibility for the human designer operatively to influence the design process,
including making and evaluating a number of the construction and other decisions
which at the present time cannot be fully algorithmized. For example, such
decisions include the principles of the general placement of accessory equipment,
machinery, equipment and. personnel on the ship, architectural features of the hull,
and so on. On the whole, the development and improvement of SAPR is a prospective
area fcr the improvement of AD methodology.
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In the effectiveness evaluation block relations are established for the effective-
ness indexes 3, /=1, ... L. as a function of vectors X, 0 and Y:

31=(~h(X, ev Y)' 1=lv o L (1.2)
where L is the number of investigated effectiveness indexes.

Inasmuch as the vectors X, © and Y are related to each other by the expression
(1.1), the relations (1.2) can be represented in the form

A=q(X,0), [=1, ... L. (1.3)

In accordance with (1.3), the functional ¢y must be-given in the set of possible
values of the vectors X and 0.

In the block for estimating the service indexes, the relation-is established
between the service indexes Sy» k=1, ..., K and the vectors X, 0 and Y. Consider-
ing expression (1.1) these relations have the form

Se=%(X,9), k=1, ..., K, (1.4)
where K is the number of investigated service indexes.

The functionals wk must be given in the set of possible values of the vectors
X and 0.

An optimalness criterion including the effectiveness indexes (1.3), service indexes
(1.4) and in the general case, the X and Y vector components is primarily con-
structed in the optimization block. The criterion is a system of conditions
imposed on the above-indicated indexes and components. These conditions must be
satisfied by the optimal vector X or the optimal set of vectors X if the solution
of the problem is not unique.

Most frequently the optimalness criterion is formulated as an extremal problem in
a closed bounded set of vectors X which is called the admissible set ¥ . The
optimal set of vectors X is a subset of the set ¥ , and in case of a unique solu-
tion the optimal vector X is a point of the set ¥ .

The procedure for giving the set ¥. has great significance. Two basic cases are

of the greatest interest here: the set ¥ is given in the form of a discrete finite
set of vectors X, that is, a finite number of versions of the ship characterized
by the vectors Xy,..., Xp is given, where . is the number of investigated
versions; the set ¥ is given in the form of a set of continuous ¢losed bounded
sets of values of continuous variable components of the vector X for each of the
possible sets of values of discretely variable characteristics which are also
components of the vector X,

In the first case in the n-dimensional euclidian space (n is the number of components
of the vector X) -the set ¥ is represented in the form of the set of discrete
points (Figure 1.2, a). In the second case the set y can be represented in the

form of a combination of (n—nl)—dimensional sets X¥,.p=1, .., 2 where @
is the number of possible sets of values of discretely variable components or the
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vector X, and n, is the number of these components (n;<n), Figure 1.2, b gives

the form of the sets ¥» schematically for the three-dimensional case when
there is one discrete component x3 which assumes two values x.

3 and :x3 and two
continuous components x; and Xy,
2 )
) I Ty f!
X3 Xz -gé
k¥
i =

. - >
2 ' X=X, U%:

T2

Figure 1.2. Methods of giving the set ¥

For the discrete method of giving the set ¥ the optimization of the ship's
characteristics is called comparative evaluation of versions; in the second case
it is called optimization in space of the TTE and the TDP of the ship.
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CHAPTER 2. SOLUTION OF THE PROBLEMS OF THE SHIP ENGINEERING DESIGN BLOCK
§2.1. Characteristics of the Problems of the Engineering Design Block

The basic problem of the engineering design block in the general AD scheme is
establishment of the relation between the independently variable characteristics

of the shij <ubject to optimization and the dependent characteristics which
influence t.e effectiveness and service indexes. Mathematically this problem
reduces to expansion of the function (1.1). Here the central problem is determina~
tion of the displacement, principal dimensions and load elements of the ship.

As is known, the load is the set of data on the distribution of all loads on the
ship. TFor convenience of the calculations it is divided into a number of sections
and items combining uniform loads. However, the load breakdown is to a defined
degree arbitrary.

Along with displacement and the principal dimensions, a number of other characteris-
tics which influence the effectiveness and service indexes are also determined
during the AD process. For example, it is possible to select the engine power as
the optimized characteristic instead of the speed of the ship. In this case

after determining the displacement and the principal dimensions it'is necessary

to calculate the maximum speed.

The basic characteristics of the problem of expansion of the function (1.1)
consist in the following.

1. 1In the general case the function (1.1) is algorithmic inasmuch as the relation
between the majority of the ship's characteristics cannot be expressed in
explicit analytical form.

2. The determination of the number of the ship's characteristics requires graphical
development of the design solutions conmected with the general placement of the
machinery, equipment and accessory equipment and the placement of personnel and

also the shape of the hull and its architectural features. The greater part of
these problems cannot be formalized at the present time; therefore creative partic-
ipation of the designer is necessary.

3. The expansion of the function (1.1) usually requires adoption of compromise
solutions (partial optimization with respect to individual indexes) inasmuch as
insurance of individual qualities of the ship, as a rule, is comnected with satis-
fying contradictory requirements, and consideration of the latter in the general
optimization model greatly complicates the problem.
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4. TFrom the mathematical point of view the function (1.1) is given in implicit
form, for individual components of the vector Y can depend not only on -the
components of the vectors X and 0, but also each other. In particular, the masses
of some of the structural elements of the ship, its technical means and
accessory equipment depend on the displacement and the principal dimensions
which, in turn, depend on the above-indicated masses of individual elements.

For example, the engine power required to insure given maximum speed of the ship
depends on the displacement and the principal dimensions of the ship at the same
time as the displacement and the principal dimensions themselves depend on the
weight and volume of the power plant and, consequently, its power. Analogously,
the weights of the hull, certain systems and devices, the equipment of the com-
partments depend on displacement and directions of the ship, and the displacement
and dimensions depend on the above-indicated weights. Accordingly, the expansion
of the function (1.1) is connected with the necessity for compilin% and solving
the system of equations given algorithmically in the general case.

5. The problem of the expansion of the function (1.1), as a rule, is undefined
inasmuch as the number of equations relating the individual components of the
vector Y to the components of the vectors X and © is usually less than the number
of desired characteristics (components of the vector Y). In particular, this
fact gives rise to the possibility of using compromise solutions mentioned above.

6. The expansion of the function (1.1) requires an iterative approach (successive
approximations) both because of the algorithmic assignment of the corresponding
equations and in connection with the possibility of compiling the complete system
of equations in which all requirements on the ship would be considered
sufficiently exactly. Therefore the satisfaction of a significant number of the
requirements is established by check calculations after developing the drawings
of individual structural elements of the ship and determining a number of its
elements.

The check calculations usually reveal defined lack of correspondence of the
obtained characteristics of the ship to the required characteristics. In order to
eliminate these divergences the designer takes the corresponding measures after
which the check calculations are repeated. The process continues until all dis-
crepancies are eliminated (Figure 2.1).

lBy algorithmic we mean the giving of equations in which their individual parts
are defined by the algorithms for calculating the values of the corresponding
functions of the desired and given (fixed) arguments.

19

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300080052-3



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300080052-3

_ Key:

1.
2.

10.
11.
12,

FOR OFFICIAL USE ONLY

HesaBncumbie nepeMeHHble 3alayH —

TpeGoBanus 3nlanns —> KOMNGHeNTbi BEKTOpa A’ H AHanasoHH
(1) (2) HX BApPbUPOBAHHA
+ lccaenoBanne anbTepHATHBRBIX KOHLEN-

N . uaR co3AaHus kopa6.as
DopMIpOBAHKE  HCXOINON HHPOP- (4) ) P

MaUHK, OrPakHuCHHA H

JONVIUCHHA — KOMAOHEHTHI —| TlpelsapnTesibHas OUEHKA BO3N.OKHOFO
© BexTopa © 2MaNa30Ha 3Ha4eHMA [AaBHWX Kopab.e-
(3) CTPOHTE/IbHAIX XAPAKTEDPHCTHR ~—
KA (5) KOMNOHEHT BekTopa Y
| ]
OGuwie H cneukabHbe MpoekTipoBanke Ha YpoBHe
Tpe6oBaHHS K NPOEKTHPOBAHHIO |—* TEeXHHYECKHX NOJCHCTeM KOpaGas
,(6)~xopaﬁ.1u JaHHOTO THNA (7) H HX 3JeMeHTOB

! |

DVHKUHOH.TbHO-COBMECTHM HE
COYOKVMHOCTH AHCKPETHO-BAPbHPYEMBIX
nepeMeHHbIX N0 TEXHHYECKHM
noacHcTeManm

]

~ v v

]
Pacuer BolOH3MeuleHHS M OCHOBHBX NPOEKTHWX N2PaKTEPHCTHK
KOpa6.1si — KOMNOHEHTH BeKTOpa }

9) ‘
! |
11
_ ( g 610K OLeHKN Bapuant xopatas — B 6aok ouenxn  (12)
602BOH 3DPEKTHBHOCTH BeSTOPH AvY. e TeXHHKO-IKOHOMHUECKRX
(10 nokasarenei

Figure 2.1. Schematic diagram of the solution of the problems of the
engineering design block during the AD process

Assignment requirements

Independent variable of the problem -~ components of the vector X and their
ranges of variation

Formation of the initial dat:a, restrictions and assumptions -- components of
the vector 6

Investigation of alternative concepts of the construction of the ship
Preliminary estimation of the possible range of values of the principal ship-
building characteristics -~ components of the vector Y

General and special requirements on the design of a ship of the given class
Design on the level of the engineering subsystems of the ship and their elements
Functionally compatible sets of discrete variables with respect to engineering
subsystems

Calculation of displacement and the basic design characteristics of the ship
—- components of the vector Y

Version of the ship —- vectors X, Y, €]

To the combat effectiveness evaluation block

To the technical-economic indexes evaluation block
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- §2.2. Three Basic Methods of Determining Displacement and Principal Dimensions
of a Ship

At present, usually three basic methods of solving the problem connected with
determining displacement and the primcipal dimensions of a ship are isolated as
applied to AD: the graphical method, analytical and graphoanalytical.

In the graphical method the drawings of the general-placement of weapons,
accessory equipment, machinery, fittings, personnel, storage and other objects on
the ship are made first. The shape of the ship's hull is given graphically in the
form of a theoretical drawing. The degree of detail of the drawings depends on

the stage of development of the design. The design'is guided by the general
qualitative arguments and some local indexes connected with insuring various
properties of the ship. On the basis of the qualitative nature of the- above-
indicated arguments and local nature of the partial indexes, as a rule, the ship
corresponding to the developed drawings does not meet a number of the requirements
and conditions. This fact is established by -a set of test-calculations which are
performed using the above~indicated drawings. - For example, the weight of the ship
can fail to correspond to the floating volume. The trimming conditions, stability,
unsinkability, and so on may fail to be satisfied. The designer eliminates these
discrepancies by altering the dimensions and shape of the hull, the location of

the weapons, accessory equipment, technical means, and so on. The corresponding
changes are introduced into the drawings, the test calculations are again performed,
and the matching process continues.

The nomenclature of the check calculations depends on the stage of development

of the design, and it continues to expand as we go deeper into the developed stages.
Thus, in the earliest stages (conceptual design) the load, buoyancy, initial
stability, trim, propulsive performance and cruising range are calculated. Then the
strength, unsinkability stability at large angles of inclination, steerability,

- roll, and so on are calculated. As a result of several approximations it is
possible to satisfy all of the requirements and obtain the desired characteristics
(components of the vector Y). Here the number of approximations depends on the
experience of the designer. The intuition and experience of the designer to a
significant degree also determine the optimalness of the obtained version of the
ship with respect to certain partial criteria, for example, minimum displacement.
It must be noted that the solution of the problem of determining the set of TIC of
a ship satisfying the given requirements does not always exist for limited ranges
of possible values of the TDP.

The highly tedious nature of the graphical method has led to the development of
methods of determining the elements of a designed ship based on analytical or
algorithmic representation of the relations between the desired and the given
characteristics. These relations can have the form of equations, formulas,
algorithms and so on. In spite of the fact that until recently it was not possible
to develop a sufficiently accurate analytical representation of-many of the
relations connected with the graphical representation of a ship, analytical
methods play an important role in the early stages of design when a large number of
versions are developed and it is necessary to lower the requirements on accuracy

of determining the desired characteristics. Here it is necessary to consider

that the accuracy of the method of determining the developments of a ship in the
early design stages must correspond to the relatively low accuracy of the initial
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data for these stages. (The basic equations of the analytical method of
determining displacement and the principal dimensions of a ship will be considered
in §2.3.)

By the graphical analytical method frequently we mean the method which is referred
to as graphical above. Here we must consider that in the graphical method

check calculations are made which are taken into account by the analytical part

of this method. However, this representation must be recognized as not completely
accurate inasmuch as the basic problem -- determination of the displacement and
the principal dimensions of the ship -- is solved graphically in the graphical
method.

More strictly, it is necessary to consider the graphoanalytical method to be the
method in which the ship’s characteristics are determined by solving the
corresponding system of equations but graphical drawings of the ship and
individual structural assemblies of it are used to compile these equations., At
the present time this method is the most typical of the typical AD stage.

Among the above-investigated methods the most exact is the graphical method —-
essentially the only one in the final design stages. At the same time, the
graphical method is the most lsbor-consuming. Even when a computer is used a
significant amount of time is spent on developing the drawings, preparing the
required initial data based on them and input of this data to the computer. There-
fore one of the prospective areas has come to be automation of the graphical opera-
tions and input of the required initial data from the drawings to the computer for
performing’ the corresponding calculations. The accuracy of the development of the

versions of the ship is improved as a result of broader use of graphical procedures. .

As for the analytical method, it retains its value as the first approximation and
as a method of recalculating the ship's characteristics with few versions of them.

As is known, the analytical method is connected with using a large number of
initial data in accordance with the previously constructed and designed prototypes;
therefore usually it is impossible to determine the elements of ships with new
structural solutions by the purely analytical method. Actually, when compiling
the equations of the analytical method for submarines it is necessary (see §2.3)
to know the weight of a unit volume of the pressure hull as a function of such
parameters as the maximum depth of submersion, the type of hull material, the
material strength characteristics, and so on. In solving this problem the methods
of similarity statistics are used which permit the problem to be solved on the
basis of data on previously constructed and designed hulls. However, if the hull
of the designed submarine has essentially new structural features, this approach
leads to a large error and can turn out to be unacceptable. In this case it is
first necessary to develop a new hull design, determine the mass characteristics
of it as a function of the above-indicated variables and then use this function in
the equations of the analytical method. However, w:th this approach the designer
is already using the graphoanalytical method,

As an example of the structural features of the pressure hulls of submarines it
is possible to present the so-callsd "figure eight" design which was used in the
vicinities of compartments II and iV on- the XXI series German submarines built
at the end of World War II. The design, which resembled a figure eight in
transverse cross section was two horizontal cylinders joined by a common spacer
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platform which made it possible to increase the usable volume of the storage
battery compartments (battery tanks) on the small and medium displacemer* diesel
electric submarines, that is, with relatively small hull diameters. At the same
time, the application of the "figure eight," generally speaking, increased the
weight of the hull (by comparison with a hull made up of one circular cylinder)

as a result of installation of the spacer platform and fastenings in the transition
areas from the "figure eight" to the circular cylinder.

The structural features of the hulls of heavy surface ships include armor and under-
water protection (UWP) systems. In particular, the on-board UWP systems of battle-
ships, heavy cruisers and aircraft carriers built and designed before World War II
and afterward were distinguished by great variety of specific realization. The
leading shipbuilding powers proposed and realized their own UWP systems (Fig 2.2).
Although a detailed discussion of the advantages and disadvantages of the various
UWP systems 1s beyond the scope of this book, let us make a few comments.

Among the foreign countries probably Germany achieved the greatest success in
improving the UWP before World War II, The UWP systems oy ke German battleships

of the "Bismarck" class and "N" design (not built) had comparatively high effective-
ness. The underwater protection of the "Bismarck" class battleships had a two-
chamber design with one basic longitudinal armored bulkhead as far as possible

from the outer hull of the ship. This system (with one-basic longitudinal armored
bulkhead) was used on the Japanese "Yamato" class ships.

On the heavy Soviet ships designed and laid up before World War II and afterward,
the UWP systems, just as a number of other basic elements, received significant
development and were greatly improved [15]. It is possible to state with certainty
that our ships were the best from the point of view of the UWP system. The design
of these ships was supported by broad experimental and theoretical research of
various UWP systems considering their effectiveness, the mass—dimensional
characteristic, and so on.

lE. Ye. Gulyayev proposed underwater protection for a ship by installing a number
of longitudinal watertight bulkheads connected to each other by framing which, as
they collapsed, gradually absorbed the energy of the blast, in 1900. This prin-
ciple formed the basis for all of the UWP systems proposed and built later.

The idea and the first structural proposal to introduce cylindrical bulkheads into
the UWP system were advanced by the prominent Russian shipbuilder I. G. Bubnov.
Later similar bulkheads (cylindrical and curved) appeared in the Italian Pualese
design (1920) and in the American Hovgard design (1940).

The proposal to introduce an internal armored bulkhead into the UWP was made by
N. Ye. Kuteynikov on the basis of experience in the Russian-Japanese War.
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Figure 2,2. UWP systems for surface ships: a -- Russian system

(Gulyayev type); b —- Italian "cylindrical" system; c -- German system
with filtration bulkhead
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Figure 2,3. Architectural types of submarines
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Finally, it is necessary to mention the original architectural class of

submarine ("Minoga," "Bars") proposed in his time by I. G. Bubnov and called the
Russian class (Figure 2.3, a). On these single-hull submarines the main ballast
tanks were located only in the extremities outside the pressure hull and in the
midsection of the superstructure (the deck tank). Subsequently the diesel sub-
marines were developed and improved, the double-hull architectural class with
reserve buoyancy became predominant. It insured the condition of "single-compart-
ment" surface unsinkability (Figure 2.3, b). The series XXI, XXIII and XXVI
Cerman submarines built at the end of World War II constituted an exception.
Surface unsinkability was not provided for on these submarines.

The architectural class of modern American atomic submarines is very close to the
single-hull class. Surface unsinkability is not structurally provided for in these
submarines and, consequently, the possibilities of rescuing the submarine from
the submerged position when water gets into the pressure hull are extremely
limited (Figure 2.3, ¢). It can be stated that theoretically the architectural
class of American atomic submarines is very similar to the Russian class of

I. G. Bubnov (single hull with location of the main ballast tanks outside the
pressure hull), although this theoretical similarity is concealed by the absence
of a developed superstructure and external hull design of the submarines insuring
the best hydrodynamic qualities for underwater crulsing. (Let us note that the
outside lines and the developed superstructure on the Bubnov submarines were the
result of the necessity for insuring satisfactory seakeeping qualities on the
surface and placement of outside lattice torpedo tubes in the superstructure. )

After the loss of the "Thresher" (1963) and "Scorpion" (1968) atomic submarines
and also considering the fact that from 1900 to 1971, 21 American submarines had
been lost as a result of various accidents and 431 people had died, the problem of
improving the degree of insurance of unsinkability and rescue of personnel from
sunken submarines was subjected to further investigation and discussion in the
United States. In the opinion of the specialists, the navy could equip its nuclear-
powered submarines with all of the necessary devices insuring complete safety of
them, but then the submarines would not be suitable for anything. This statement
indicates that significant reduction of the requirements on insuring invulnerabil-
ity of American itomic submarines was in the interests of improving other combat
characteristics.

Ending this brief investigation of the three basic methods of determining the
engineering characteristics of a designed ship from the point of view of their
use in analytical design, let us again emphasize that the purely analytical
method, as a rule, is connected with carryover of the majority of structural and
technical solutions realized on previously built and designed ships to the ship
being designed. In this sense the purely analytical method has highly- limited
possibilities, and when designing ships with new engineering solutions, sometimes
it turns out, in general, to be useless. Another serious-deficiency of the
purely analytical method, as was already noted previously, is the difficulty of

13, Gorz, POD"YEM ZATONUVSHIKH KORABLEY [Raising Sunken Ships], Leningrad,
Sudostroyeniye, 1978.
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sufficiently accurate consideration within the framework of this method of such
factors as the shape of the ship's hull and the placement of weapons, accessory
equipment, technical means and personnel on it and also the stability conditionms,
unsinkability, trimming, invulnerability and so on connected with these factors.

§2.3. Equations of the Analytical Method of Ship Design

In this section a study is made of the principles of compiling the basic equations
of the analytical method of ship design. The basic equations include the equations
of mass, buoyancy, volume, initial transverse stability and power (speed) of the
ship.

1. Mass Equation. The mass equation is an analytical expression of the condition
of equality of the mass of tiie ship to the sum of the masses entering into. the
load, that is, the sum of the masses of the component elements of the ship.

Inasmuch as, according to Archimedes law, the mass of a ship floating without
way must always be equal to the mass displacement, that is, the mass of water
displaced by the ship, we have the equality

Dn=1X m (2.1)

where D, is the mass displacement, my is the mass of the individual load
components.

Expression (2.1) is an equation on the basis of the fact that the individual
mass m; can depend on the displacement Dy.

The expansion of the mass equation consists in establishing the dependence of mj
on TTE and TDP of the ship (the components of the vectors X, Y and 0) including
the displacement and the principal dimensions. The number of terms in the right-
hand side of equation (2.1) depends on the adopted load breakdown. The expedient
load breazkdown can be determined from arguments of accuracy of calculating the
displacement [2].

Frequently in the initial design stages the mass equation is used expressed as a
function of displacement, that is, the relative mass in the righthand side of
equation (2.1) is considered dependent on the displacement D,. Here equation
(2.1) is represented in the form

Dm= Zml(Dm)+m!v (2'2)

where my is the sum of the masses which do not depend on the displacement.

For establishment of the dependence of the masses mj on displacement D, and the
other investigated characteristics of the ship, the methods of similarity and
mathematical statistics are used.. The application of these methods arises :from
the complexity of an exact mathematical description of the investigated relations
and also the absence of a number of initial data in the early design stages.

For these conditions recalculation of various characteristics and relatioms from
prototype ships already designed~or has important significance. If various
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characteristics of the designed ship are recalculated from different prototypes,
the latter are called partial prototypes. By the arguments of calculation

- accuracy, as a rule, it is necessary to select a ship that has been developed no
less than the contract design level as only a designed, but not bullt prototype.

When using prototypes the similarity methods establish the dimensionless relatioms
(similarity criteria) serving for recalculation of the corresponding characteris-
tics, and the methods of mathematical statistics are used to find the values of

the parameters of the functional relations between the masses my and the components
of the vectors X, Y and 0, including the displacement D as one of the components
of the vector Y (see §2.4, 2.5).

The simplest form of the mass equation expressed as a function of displacement is
the so-called three-term mass equation. When compiling this equation the masses
of the hull, the number of the ship's systems and devices, decks, hatch covers;
ladders, hull fittings, and so on are considered proportional to displacement to
the first power, that is, the mass of the ship. The masses of the power plamt,
the fuel, water and oil reserves required for operation-of the pewer plant are
taken proportional to the displacement to the 2/3 power, that is, the surface of
the loaded part of the ship's hull.l The masses of the weapons, accessory equip-
ment, payload (for transport ships), systems and devices servicing the weapons and
accessory equipment or providing for storage, loading and unloading the payload,
are considered independent of the displacement. Thus, all of the loads making up
the ship's load are divided into three groups, and the mass equation acquires the
form

N L
ADpm + BDy” 4 C = D, (2.3)

where ADp, BDé/3 are the sums of the masses proportional to Dm to the first power
and to the 2/3 power; C is the sum of the masses which do not depend on the
displacement.

In some cases a term proportional to Di/S, that is, the linear dimension of the
ship, for example, the length, is introduced into the mass equation. It is
possible to include the mass of the electric power lines, the pipes of certain
systems, and so on in this group, , For surface ships sometimes it 1s necessary to
isolate a term proportional to Dm/ characterizing the mass of the longitudinal
couplings of the ship's hull [2]. In general, as S. A. Bazilevskiy demonstrated
[2], the form of the mass equation (the necessity for considering the terms pro-
portional to different powers of Dp) can be substantiated beginning with arguments
of calculation accuracy. The coefficients A, B and C depend on the TTE and TDP
of the ship (the vectors X, Y and 0), and, consequently, solving this equation,
we obtain the displacement Dp as a function of the TTE and TDP.

lThe mass displacement is proportional to the volume of the ship submerged in
the water, and the surface of the loaded part of the hull is proportional to
this volume to the 2/3 power.
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There are several rocedures for solving equation (2.3). For example, by
substitution of D —z, this equation is . reduced to the cubic equation

(=P +B2LC=0, (2.4)

which is solved by the numerical method or by the Cardan formulas.l The
numerical method of solving the direct equation (2.3) can also be used.

The simplest solution is the solution of equation (2.3) by the method of successive
approximations based on the known principle of a stationary point frém.functional
analysis. [60]. Let us denote the lefthand side of equation (2.3) by £(D) (for
simplicity of notation the index on Dy will be omitted). The function £(D) can be
considered as the special case of the-operator given in the set of values D with
values again in this set. It is obvious that .for C>0 the displacement found from
the mass equation is always greater than Dy=(B/(1-A))3. Consequently, the
desired displacement lies in the range (Dx, =). It is easy to check that for

D ¢ (D,, =) _the values of the function f(D) are in the same interval. In
addition for D € (D,, o) the inequality f£'(D)<l is valid, where £'(D) is the
derivative of the function £(D).

Thus, in the interval (D, «) the function f(D) is the compression operator [60],
and the solution of equation (2.3) can be obtained as the limit of the series
DO’ Dl’ D2, +.+sy that is

D = lim Dm

- Ao

where Dn=f(Dn_1), n=1l, 2, ... is the number of the approximation, and Dy is an
arbitrary value greater than Dy.

It is obvious that in the absence of any additional arguments with respect to the
expected value of D it is possible to take the maximums of the values of Di or
C as Dg. For the n-th approximation we have the estimate

) ' lf(Du)'—Du] ’ 1
]DR—D|<T:7W-U: (D)l

where
f’(Do)—-AT 3/_0

1/3
is more

convenient, after which the solution can be obtained using the tables of squares
and cubes of numbers. Appendix 1 contains a discussion of the procedure for
solving equation (2.3) using the table of values of an auxiliary function.
2Usually C>Dys therefore it is possible to set DO = C.

53
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If the error in calculating D is measured with respect to Dy, then the following
inequality is valid:

[Da—D1 _ 1 11D =Da it pyn.
Do < Dn l—f' (D‘)) [f (DO)]

From the condition ;LQLEﬂZ!< € the required number of approximations can be

L}

obtained for determining the displacement with given accuracy

(i p o Do)
© !~ ol iy =Dy

n> " Do)

In

As an example let us present elementary arguments permitting discovery of the
coefficient B of the mass equation as a function of TTE and TDP.

The mass of the power plants of many types and the mass of the fuel, water and
oil reserves are proportional to the power which, in turn, is proportional to the
speed of the ship and the resistance of water to its movement. As is known [52]1,
the resistance of the water to the movement of the ship can be represented in the
form

=

e

p;u?
-8 (2.5)

where r is the resistance, v is the speed of the sh}g,-n is the wetted surface of
the hull [for geometrically similar hulls 9~(Dm/p)2 ], ¢ is the drag factor,
p is the density of the water.

Considering (2.5) the following formula is valid for the required engine power
N):

N = rUmax ____;_p‘/n_.tﬂﬂ_v-;imx :r{z‘

i

where v .. 1s the maximum speed of the ship, w=p2/39/D%/3 is the relative wetted
surface of the hull, n is the propulsive coefficient.

It is possible to write the expression for N in the form of the so~called admiralty
formula

3 1
UmaxPm’
N =B, (2.6)

where C, is the dimensional coefficient called the admivalty coefficient:

2 2.7
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If we set p=1 t:on/m3 and assume the following units of magnitudes: [N]=kilowatt,
[Dpl=tons, [vpay]=knots, then formula (2.7) assumes the form

Co= 14,7 -;%- (2.8)

For submarines under water the drag usually is reduced to--the wetted surface of
the outer hull and the normal displacement is taken as Dp. In this case

1
Co= 147 2

where k is the coefficient of tramsition from normal displacement to the volume
of the outer hull; w is the wetted surface of the outer hull reduced to its
volume to a power of 2/3.

Considering formula (2.6), the mass of the power plant m,, can be represented in the
form

3 4
UmaxDm’

Moy = g5y ot 2.9)

where ¢,y 1is the specific mass of the power plant, that is, the mass per unit
power,

If the cruising range (R) at an economical speed (vg.) is given when designing the
ship, then the mass of the fuel, water and oil reserves mp can be defined by the
formula
2D R VD
I G gy T e (2.10)

Key: 1. ec

where q, is the total specific consumption of fuel, water and oil at economical
speed; ec is the admiralty coefficient for economical speed.

Usually only part of the total fuel, water and oil reserve, for example, half, is
included in the normal displacement of the ship. In this case the corresponding
coefficient is introduced into formulas (2.10).

Considering formulas (2.9) and (2.10), the mass equation (2.3) assumes the form

v:r"n X ) U?sx ?
ADp + {9y B8 4 g, R) Dlft +-C = D (2.1

The values of the admiralty coefficlents and C, .. and also the individual
terms of the coefficient A are selected in the first approximation by the prototype
or by several prototypes after statistical processing.
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Very frequently the variation of the displacement D, given by the equation (2.3)
for small variations of the coefficients A, B and C is of interest. Using the
complete differential formula, it is possible to write the approximate equality

AD, =22m A4 4 Dm Ap 4 Zm 5,

where AD , AA, AB, AC are small increments of the displacements and the
coefficients A, B and C.

The partial derivatives anm/aA 3D, /8B, 8Dp/3C are calculated on-the basis of
equation (2.3) by the differentiation rule of implicit functions. Performing the
corresponding calculations, we find

Dm _ D
04 i A 2 BD:'{a '
T°7F Dnm
W Dw (2.12)
3B BD'/s
lmd— 2
3 Dn
Dm 1
6C BD'/J
1—4 _2%m
3 Dnm

The derivative 9D /3C called the Norman coefficient is equal to the variation in
displacement of the ship with variation of the mass of the constant loads (the
group C) per unit. In the more general case where the mass equation has the form

k.
Dp =% ADn+C, (2.13)
The derivatives 3Dp/3C and 3D /3A are defined by the expressions

0D, I Dm _ D;; (2.14)

P —— —__—————-—.

- waDgT YT kAD;

The variation of the displacement ADp with small variations:-of the ship
characteristics (ij) on which the coefficients Ay and C depend, can be found by
the formula

ODm 0A; 8Dm ac

ADM:Z[Z 04; ox; “oC 5XJJAAI (2.15)
i 3

A gudy was made above of the mass equation expressed as a function of the displace~

ment. At the same time for surface ships the masses of the.hull and the power

plant depend to a significant degree on the choice of the relations--of the

principal dimensions and the coefficients of the lines coefficients. For example,
the mass of the hull with respect to the general strength conditions depends on
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the bending moments at the apex and foot of the wave proportional to the product
of the displacement and length of the ship. The drag of the water with respect
to movement of the ship and, consequently, the required engine pewer and its mass
depend on the Froude and Reynolds numbers, the shape of the hull, that is, the
geometric characteristics of the hull,

For the above-indicated region in a number of cases the mass equation expressed as
a function of the principal dimensions of the ship and its lines coefficients

is used for surface ships. Here the masses-of all load items are represented by
functions of length L, breadth B, draught T, hull height H of the ship and its
lines coefficientst block coefficient &8, longitudinal prismatic coefficient b,
vertical prismatic coefficient y, the coefficient of fineness of the construction
water line o, and the midship -section coefficient B. The enumerated coefficients
are related to each other by the expréssions ay=6 and B¢=8 as a result of which it
is sufficient to give only three coefficients, for example, o, B, and &.

For submarines under water, the length and breadth of the hull are taken as
L and B, and instead of T, the hull height.

Inasmuch as the condition Dp=pSLBT must be satisfied from the buoyancy condition,
the mass equation can be written in the form

(MW:EmﬁJq&ﬁTHmD (2.16)

i

- where my is the sum of the masses which do not depend on the displacement and
the principal dimensions; H is the sheer height.

In equation (2.16), the values of L, B, T, H and § are unknown. For determination
of them it is necessary to give additional relations between the principal dimen-
sions. Usually the value of § and the ratios L/B, B/T and H/T are given. The

- values of 8§ and L/B have significant influence on the propulsive performance of
the ship, B/T, on the stability, H/T on the reserve buoyancy and, consequently,
the unsinkability. Giving the above~indicated ratios permits only one unknown
variable to be left in equation (2.16), for example, the length of the ship L.
Considerin§3that for geometric similarity the coefficients £=pl/3L/D1/3,

b=pl/38/D1/3, t=p1/31/Dl/3 remain invariant and, in addition, H=TH/T=t(H/T)D1/3/
p1/3, it Ts possible to represent equation (2.16) in the form m
N (D 84 b, t, Ay =, (2.17)

i

The values of £, b and t are expressed in terms of §, L/B and B/T by the
formulas
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Considering these ratios and equation (2.17), we obtain the mass equation in the
form

X (D 8 5 )+ mr=Dn (2.18)

From equation (2.18) the displacement Dy can be found as-a function of the ratios
of the principal dimensions L/B, B/T, H/T and the block coefficient § for fixed
mass m., the basic part of which is the mass of the weapons and accessory equipment
or the“payload for transport ships.

If we assume that the mass of the ship's hull is defined by the so-called cubic
modulus coefficient mk=quBH, where qp is the hull mass reduced to the value of
LBH, and the mass of the power plant with reserves is calculated by the admiralty
formula, then the three-term mass equation can be represented in the form

3 A2
H [ 12 2/, .
(%7"" px) Dm'L(q:y“E%'“*'qr_l'R\ ”i +mS=Dﬂl' (2.19)

Cox |

where p, is the relative mass of the load items proportional to the displacement
to the l?irst power with the exception of the weight of the hull.

When solving equation (2.19) for surface ships and submarines on the surface, it

is necessary to consider the complex dependence of the admiralty coefficients

(Cy; and Gy o) on the speeds Vp,y and ve. and- the shape of the submerged part of
the hull which, as was pointed out previously, is approximately characterized by
the ratios L/B, B/T and .the lines coefficients o, 8 and 8. The complexity of the
dependence of the admiralty coefficients on the above-indicated parameters basically
arises from the complexity of the corresponding function for the wave-drag
coefficient. As for the propulsive coefficlent, its value is primarily determined
by the number and the diameter of the screws, their rpm, and depends the least on
the speed of the ship.

For geometrically similar hulls, while keeping the propulsive properties identical,
the admiralty coefficients depend primarily only on the values of the Froude
numbers (Fr), and if a prototype exists which is sufficiently close with respect
to hull shape and characteristics of the propulsion system, then when solving
equation (2.19) the function C,=f(Fr) taken by the prototype can be used. Let us
note that the standard function C=f (Fr) is characterized by the presence of

zones of values of Froude numbers (Fr=0.10 to 0.25 and Fr20.40 to 0.60), in which
the admiralty coefficient remains approximately constant.

The admiralty coefficient C, can be represented in the form CW=Cen, where
Ce=2/p1/3-l/ (zw) is the admiralty coefficient with respect to towrope or
effective power, n is the propulsive coefficient.

The coefficlent Ce characterizes the hydrodynamic perfection only of -the ship's
hull without the propulsion system and its interaction with the hull. Inasmuch
as the Froude number and the hull shape influence primarily the value of Ce and
to a much lesser degree, the propulsive coefficient, when determining these
coefficients it is possible to use partial prototypes. The function Ce=£f (Fr)
is selected by the prototype, the hull shape of which is similar to the designed
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ship, and the value of n, by another prototype having the corresponding
characteristics of the propulsion system.

for submarines under water the values of the admiralty coefficients C, and Cu can
be considered in practice independent of the speed, inasmuch as in this case ‘he
total drag coefficient depends very weakly on the Reynolds number (Re) and,
consequently, on the speed of the submarine.

The problem of selecting the optimal parameters of the shape of the ship's hull,
including the ratios of the principal dimensions and the lines coefficients is
a highly complex problem although urgent for the design development phases that
follow AD. The complexity of this problem arises both from the large number of
conditions and.requirements which must be considered (seakeeping qualities,
general layout, trim, and so on) and the nature of the effect of the hull shape
parameters on various qualities of the ship. Accordingly, in the AD stage it is
necessary, as a rule, to select the parameters of the hull shape by prototypes
and by especially approximate empirical relations [35]. The final choice of the
principal dimensions of the ship and the hull shape parameters can be realized
after development of the general arrangement plan and the lines drawing.

If small variations of the ship's characteristics are considered, then the mass
equation in differential form is used. Let us write the mass equation in the
form

e=D,—F(@®, L, B T H % ..., %),
ms = Dn —F( h (2.20)

where X1, ..., X, are the investigated independent variable TTE and TDP of the
ship.

It is obvious that the relation is wvalid for the differentials

dmy = dD, —dF. ' (2.21)

Considering the independent variables &, L, B, T, H,x3, ..., % as independent,
we have

D . Dm Dm . Dm
dD,, =2 d6 + 2 dL — =f-dB + ~f-dT,
dF . OF , 'Sn\ oF
dB ———d-,’TdT_‘—aFdH‘T ; ax; dxiv

i=l

9
)

oF . OF

dF = dé—-—ordLTa—B

where the expression for dDm follows from the equality D =pSLBT.

Considering these expressions, equation (2.21) can be represented in the form

dms = (L — 20V a6 + (B — 4 ) dL = (G — a5 ) B + .12

[ Dm _ OF oF \ OF
= (B — g ) T — et = X g e

=l
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In equation (2.22), d§, dL, dB, dT and dH can be considered as unknowns, and

dmy and dx; as given, defined by small variations of the TTE.and the TDP of the -
ship. Being given certain additional relations for the above-indicated unknowns,
it is possible to determtne their values.

The differential method was first investigated by Norman and I. G. Bubnov [8].

In particular, I. G.-Bubnov stated the idea of the possibility of optimizing the
values of d§, dL, dB,..dT and dH by some criterion under the condition of satisfy-
ing expression (2.22). This criterion, for example, can be the condition

min (dDp).

1f in addition to expression (2.22) additional linear restrictions on the values
of d§, dL, dB, dT and dH are used where these restrictions together with
expression (2.22) define some complex region in the five-dimensional euclidian
space, the coordinates of which are the indicated variables, then optimization
by the criterion min (dDy) reduces to solving the problem of linear programming.
Let us note that minimizing the value of dDp is equivalent to minimizing the
expression dé/8+dL/L+dB/B=dT/T, that is, the sum of the relative variations of
length, breadth, draught and the block coefficient of the ship.

As an additional linear restriction we can use, for example, the condition of
invariability or given variation of the initial transverse metacentric height.
This restriction can be obtained from the stability equation (see item 4 of this
section) presented in differential form.

From expression (2.42) for d6=0 and da=0, that is, for invariant block coefficient
and coefficient of fineness of the construction water line, comes the equation
for the variation of the initial transverse metacentric height

dh=2 BT [q— () ] F =t (2.23)

in which ¢4, ¢2, £ are constantsdefined by the values of §, o and the relative
position o:II:' thé center of gravity of the ship with respect to height.l

The equation (2.23) is the stability equation in differential form. In this equa-
tion setting dh=0, we obtain the linear relation betw:en the relative variations
of breadth, draught and hull height of the ship, insuring invariability of the
initial transverse stability.

Equations (2.22), (2.23) and other similar differential expressions are valid for
sufficiently small values of dS§, dL, dB, dT and dH. Therefore when stating the
problem of optimizing these values it is necessary to consider restrictions of
the type 4
—As = <A,
: (2.24)

11n accordance with the SI system the center of gravity should be more strictly
called the center of masses, but we retain the more usual term center of gravity
for this point.
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where z 1s each of the values of d§, dL, dB, dT and dH, and A is a given, quite
small value (usually A=0,1).

Let us propose that when minimizing the value of dD,, only-the conditions (2,22),

(2.23) are considered for dh=0 and the restrictions (2.24), and the displacement
D, is determined from the mass' equation of the type '

GLBH + .y <= (SLBTY" + ms = pSLBT. (2.25)

In this case for d6=0, dx;=0, i=1, ..., n, and dmza‘o we obtain the problem of
linear programming

Dm 0L Dm 9B
T OF H OF =  -— (2.26)
(1= oy 37 ) T = 53 OH = @
) o (LY, a8+ BVl —e Lam =0
2 (-—T—) (odB =+ | ¢ — (—7-.—) Fo -t =0,

where 4L = dL/L, dB = dBIB, dT = dTIT, dH = dHIH

and -c-i—ﬁl-fdmz / Dm'

In accordancé with equation (2.25) and considering the equality Dy=p8LBT we
have

I___L_.___._ | — X =1/
Dm oL — 8 T — 39w, Pm o
B oF - o H 2 o3 -1/,
l_Dm 38 = —F‘;T——TQY—C—-DM ,
T OF _ 2 B Ly,
l=prar = 1= g Dn"
H OF _ g H

Let us note that the righthand side of the formulas written above are expressed
in terms of the relative masses of the hull and the power plant, inasmuch as

May ' Yy
and - =bhyg Dy,

Sl

me
DI’I

I
08

The physical meaning of problem (2.26) consists in optimization [from the point of
} view of the condition min (dDy)] of the variations of the principal dimensions of

the ship for some given variation of the mass of the constant loads and maintenance
of invariant transverse metacentric height.
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By introducing the new variable 21=EI:+A, z2=?1_§+A, z3=ﬁ+A; z4~=?ﬁ—l+A and four
additional fictitious nonnegative variables z,, >0, =1, ..., 4, problem (2.26)
reduces to the problem of linear programming in”standard form:

min(n + 2z +2z), (2,27)
0y + Ag2y + G323 — 0,24 = Gy,
byz, + by2zy + bezy = Cy,
2Lz, =20, z,t2y=24, 23+42,=24,

7, +2zg==2A, z;»0, j=1, ..., 8,
where '_ ny 2 mMay 2 My my
q=a=l-p-—gp- G=l—-gp . &=—73,.
B \2 2 . H
b"=2(T) fas bs—(h"'(T) qo by=—i-F,
= dms 4 My 2T
Com s+ 31— - 2220,

In problem (2.27), the number of unknowns exceeds the number of restrictions by
only 2, which permits us to find the solution by the descriptive graphical method.
For this purpose, it is necessary to select any two linearly independent variables,
for example, in problem (2,27) it is possible to take zj and 2z as such variables
and, using the restrictions, to express all the remaining variables in terms of

z] and z3. It is also necessary to express the purpose function in terms of the
variables z; and z7. Then, using the conditions of nonnegativity of all the
variables, it is easy to obtain a system of linear inequalities with respect to
the variables zq and zj.

If the obtained system of inequalities defines in the plane (21, z9) a region

(this regionwill always be convex) of admissible values of z; and zj, then one or
several extreme (boundary) points of this region define the optimal values of

zi opt and 22 opte In the problems of linear programming, the admissible region
always has the %orm of a convex polyhedron (in the two-dimensional case, a polygon)
and, consequently, the optimal point is one of the apexes of this polyhedron or
all the points of any face are optimal.

If the system of inequalities obtained above is incompatible, that is, no point
of the investigated space satisfies all inequalities simultaneously, the solution
of the stated problem of linear programming does not exist.

When the values of zq oo and 2, o, are defined in (2.27), from the equalities
entering into the formulation of .t:gti-s problem the optimal values of the
remaining variables z,, j=3, ..., 8 are ‘calculated, and then, the optimal values
of the initial variab;.es dL, dB, dT and dH. In the general case the solution of
the problems of the type of (2.26) for any number of restrictions can be found
by well~developed numerical methods [61].
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Let us demonstrate the graphical method of solving the problem (2.26) in a
numerical example with the following initial data: B/T=2,6; H/T=1.5;
£=0.6; 6=0.65; a=0.75; mk/Dm=0.30; mec'/Dm=0.15; dmz=0.10; A=0.10.

In order to determine the value of the coefficient ¢7 let -us--use the formula of
L. M. Nogid, and for the coefficient ¢2, the formula of A. P. Van der Fleet
(see item 4 of this section),

For the above-indicated initial data the problem (2.27) assumes the form

min (2, + 2, - z3),
0,60z, + 0,602, -+ 0,902z5 — 0,30z, = 0,28, (2.28)
1,032, + 0,0142; — 0,90z, = 0,016 8,
2y +2,=0,20; 2,+2,=0,20; 2z3+2;=0,20,
2,+2=020; z,»0, j=1,..,8.

Expressing all of the variables in terms of zj and z9, we obtain the system of
linear inequalities

71>»0, >0,

0,306 — 0,669z, — 0,279z, > 0,
—0,0139 — 0,010z, + 1,162, > 0,
0,200 -2, >0, 0,200 —2,> 0,
—0,106 0,669z, + 0,279z, > 0,

0,201 -0,010z, — 1,162, > 0.

The purpose function of the problem expressed in terms of z1 and zp has the form
f=0.306+0.331z1+0.72122. The graphical solution of the problem is illustrated in
Figure 2.4 where the restriction 2330 is not shown in the figure, for all points
of the square defined by the conditions 0<z150.200 and 052950.200 satisfy the
indicated restriction on zj. The admissible region of values of z] and 2z, is
crosshatched in Figure 2.4, and the crosshatching on the individual lines indicates
the part of the plane in which the corresponding restrictions (inequalities)

are satisfied.

The conditions of constancy of the purpose function f define the family of
straight lines, two of which (for f=0.406 and £=0.356) are shown in the figure.
The minimum value of f in the admissible region of values of z; and 2z, is
achieved at the point with the coordinates zj opt=0.152; z3 4 ¢=0.013; and the
values of z3, 2z, and f corresponding to this point will be z3 Opt=0.200;

zy opt=05 fopt=0'356‘ . o

Returning to the initial variables, we find (Ef)opt=0.052; (Eﬁ)opt=—0.087;
(dT) opy=0.10; (dH) oy ¢=-0.10.

Thus, in the investigated example with an increase in relative mass of the constant
loads by 10% it 1s necessary to increase the length by 5.2% and the draught of
the ship by 10%, to decrease the breadth by 8.7%, and the hull height by i0Z%.
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Here the increase in displacement will be minimal and equal to'“6;5%1.

2l \\
2 2620
a’ \ 2,00

071+t
. Kf‘-0,406 '
Z20pt - " RS 200 -
0 01 Zyopt 02 27
SN 1.
) \27»0 1=0356

Figure 2.4. Graphical solution of the problem (2.28)

2, Buoyancy Equation. When investigating the mass equation expressed as a func-
tion of the principal dimensions, the expression

Dn=pbLBT (2.29)

was used which can be considered as the buoyancy equation. For this reason, the
above-presented different forms of the mass equation expressed as a function of
the principal dimensions can be interpreted as a result of the joint investigation
of the mass and buoyancy equations, The buoyancy equation in differential form
1s written in the form

D, =B a5 + e g+ Bpa + Srar. (2.30)

The buoyancy equation expresses the fact that the mass of the water in the body of
the submerged part of the ship's hull must be equal to the mass of the ship, that
is, 1ts mass displacement. .

In the general case the necessity for using the buoyancy equation is connected
with the fact that the masses of the individual load items can depend on different
components of the floating volume of the ship, where these components themselves
depend on the unknown load items and displacement. Let us explain this fact as
applied to submarines:.

As will be demonstrated in the following section, under certain conditions the
mass of the pressure hull of the submarine is considered proportional to its
volume, which is a basic, but not unique component part of the constant floating
volume -- the normal displacement. Along with the normal displacement Dy the

B 1In the given case Eﬁ;éaﬁz, inasmuch as a decrease in the hull height is
permitted.
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volume of the pressure hull V ; can be considered as the desired unknown. Knowing
V. 1s highly significant inasmuch as the basic technical means, accessory equip-
ment and personnel are placed in the pressure hull,

Isolating the mass of the pressure hull in the three-term mass equation expressed
as a function of the normal displacement, we obtain the equation

9k + A'Dp + BDYJ* +C = Dpm, (2.31)

where q. 1is the mass of a unit volume of the pressure hull; A‘Dm is the sum of
the masses proportional to the normal displacement.

Very frequently the value of Vi is considered proportional to the displacement:

Vi = W %, (2.32)

vhere w, 1s a dimensionless constant called the relative volume of the pressure
hull,

In this case the equation (2.31) is reduced to the ordinary three-term mass equa-
tion, and expression (2.32) will be the simplest form of the.buoyancy equation.
After substitution of expressién (2.32) in equation (2.31) we obtain

(¢ 1 &) D 4 BDf* 4 C = D @39

With this representation the equality oflgm to the given value can also be
considered as one of the simplest forms of the buoyancy equation.

In the more general case the buoyancy equation for a submarine can be represented
in the form

PV +p ¥ Vi=Dp, (2.34)
i

vhere XV, is the total impermeable volume with the exception of the pressure hull.
i

The equations (2.31) and (2.34) can be considered as'a system with respect to the

two unknowns Dy and Vp. After substitution of the value of Vg from (2.34) in

equation (2.31) we obtain

(% #7) D+ B0 €~ 40 3} Vi =D
This equation is already the result of joint investigation of the mass and

buoyancy equations. After its solution with respect to D, the value of Vg is

found by the formula
D, Z:
Vlln'fpﬁ— ‘. V.

40

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300080052-3



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300080052-3

FOR OFFICIAL USE ONLY

3. Volume Equation. The displacement and the principal dimensions of the ship
found by joint solution of the mass and buoyancy equations cannot in the general
case be considered final inasmuch as the corresponding volume of the hull can be
insufficient for placement of the weapons, accessory equipment, technical means

and personnel. The most exact testing of thé conditions of the general plan is
realized by the graphical method by compiling the corresponding general arrangement
plans. One of the approximate analytical methods of considering the general
arrangement conditions is compiling and solving the volume equation proposed by

V. L. Pozdyunin [38].

This equation expresses the fact that the volume of the ship's hull and super-
structures (for surface ships) must be equal to the sum of the volumes required
for placement of the weapons, accessory equipment, technical means and personnel,
- and for transport vessels, the hauled cargo and passengers, Thus, the volume
equation has the general form
/L — )
Vetew=EVs (2.35)
where Vi is the volume of the ship's hull with respect to the upper deck; wy 1s
the volume of the superstructures; V4 are the volumes required for placement
of technical means, weapons, accessory equipment and personnel.

The expansion of equation (2.35) consists in establishing the dependence of the
left and righthand sides on the hull volume, principal dimensions, displacement
and other investigated characteristics. In order to compile the volume equation
the same methods are used as for the mass equation, that is, the methods of
similarity and statistics. In the first approximation it is possible to propose
that part of the volumes is proportional to the displacement, part is proportional
to the hull volume Vi, and part does not depend on the displacement or the hull
volume.

The volumes Vj required for placement of the power plant, fuel, oil and water,
just as the masses of these components are expressed in the first approximation
using the admiralty formula

— v )

Viy =1,y 8:,’( p'*Dy*,

q; tlgk l/. !/.

E Cw‘K Rp D" ) (2.36)

V=

. n
__q_M Uik Rp:/'D:V’s

b
e Cosx

95 U tsnyls

V“ = E—‘—-wa R_ﬂ ’ Dl' s
where q*T, q*M, Q* are the specific consumption of the fuel, oil and water
respectiyely, tons?(kilowatt—hour); w,, 1s the specific volume of the power
plant, m’/kilowatt; Dy is the volumetric displacement, m3; Prs Py Pp are the
specific mass of the fuel, oil and water. (The specific mass pg of water used
for operation of the power plant can differ from the specific mass of seawater

for which the ship's displacement is determined.) '

41

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300080052-3



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300080052-3

FOR OFFICIAL USE ONLY

If the hull volume and displacement are represented in the form Vi=8y LBH,
Dy=0LBT, where H is the hull height of the ship; &, is the coefficient of full-
ness of displacement with respect to the upperfdecg, then

Sy

H
VK = T-T—D‘,

Considering this relation and the above-presented expressions for Vigs Ve Va

and Vg, we obtain the equation (2.35) in more expanded form:

H -
+ 7 (1 =) Dy = Ayy <~ =Dy + 4Dy -

.3 * ]
LMy [ fmax S 9 U 2/ (2.37)
- 0. - — i RS M
s ( Yl e Cowx M Dy ; CV'

i=T, M, B

where w=w,/V, 1s the relative volume of the superstructures; 1 1s the coefficient
of volumes proportional to Vi; is the coefficient of volumes proportional
to Dy; Cy is the sum of the volumés not dependent on Vj and Dy.

The displacement Dy found from the volume equation must be compared with the dis-
placement Dy obtained by the method of joint solution of the mass and buoyancy
equations. If D;2pDy, the final displacement of the ship will be Dp. In this
case, from the buoyancy conditions the volume of the ship's hull will be greater
than the volume required by the gemeral plan conditions or equal to it. For
Dp<pDy the buovancy and general plan conditions must be matched by variation of
certaln component loads and the floating volume of the ship. The variation of

the characteristics which will increase the mass of the-ship without significantly
changing the required hull volume is the most favorable. Such characteristics,
for example, are the mass of the hull, solid ballast, and so on. The final dis-
placement will in this case be close to pDy, but in practice it will always exceed
this amount somewhat. Let us note that in the case of Dyp>pDy the hull volume
remains "free," equal to (1/p)(Dm—pDV), can be used for improvement of some of the
ship's characteristics connected with the necessity for increasing the volumes
without a significant increase in mass. (For example, there is a possibility of
disposition of additional personnel, certain forms of stores, improvement of the
habitability conditions, and so on.)

For submarines the volume equation is represented in three-term form (entirely
analogous to the three-term mass' equation):

A.Dy + B DV* + C-= Dy, (2.38)
where Ay, By, CV are the corresponding coefficients.

It is possible to consider the volume equations expressed as a function of the
principal dimensions analogously to how this was done for the mass equation.

The volume equation is appreciably more approximate by comparison with the mass
equation., First, it does not take into account the specific geometric configura-

tion of the arranged objects and numerous, basically unformalized requirements
on their individual and mutual arrangements, and it operates only with their
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volumes. Secondly, finding the coefficients of the volume equation by process-
ing the characteristics of prototypes is very difficult as a result of complexity
of isolating the volume not connected with placement conditions--and caused by
requirements on buoyancy, stability, other seakeeping qualities, trim, and so on.

a)

Figure 2.5. Diagrams of the placement of torpedo tubes and spare
- torpedoes on submarines

The use of the volume equation, just as other equations of the analytical design
method is connected with carrying over the structural solution used on prototypes
to the designed ship; therefore when designing ships with new structural solutions
compiling the volume equation requires graphical developments in the general case
of at least basic new structural assemblies.

For example, it is known [10] that on foreign submarines two arrangements of the
torpedo tubes are used: in the bow, horizontal and parallel to the diametral
plane, with cutting of the forward bulkhead of the pressure hull (Figure 2.5, a)
and in the midsection along the length of the ship, horizontally at an angle to
the diametral plane, with cutting of the pressure hull performed in this area in
the form of a "circular" cone (Figure 2.5, b).

The first arrangement is traditional; it has been used in practice on all sub-
marines since World War I. The second arrangement is realized on the series XXVI
German submarinesl built at the end of World War II, ad at the present time it is
used on the modern American atomic submarines [10]. Each of these arrangements
are characterized by defined advantages and disadvantages, the discussion of which
is beyond the scope of this book. From the point of view of the problem investi-
gated here of compiling the volume equation it is important to note that for the
two indicated arrangements of the torpedo tubes (considering placement of the
spare torpedoes) the volumetric characteristics, for example, the volume per spare
torpedo, turn out to be different.

It is clear that the designer having prototypes only for the first arrangement of
the torpedo tubes at his disposal and deciding to use the second arrangement,
cannot obtain sufficiently exact initial data for compiling the volume equation

- 10n the series XXVI submarines the torpedo tubes were aimed aft in accordance

with the tactic of "diving" under the target.
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structural assembly of the placement of the torpedo tubes and spare torpedoes
graphically (for different numbers of tubes and spare torpedoes), to define the
corresponding volumetric characteristics on -the basis of this development and then
use them when compiling the volume equation.

It must be noted that in some cases, even with graphical method of design, first
the most important original structural assembly is developed, and then the entire
ship is developed. This approach has come to be called "assembly design.”

Now let us propose that the designer has all of the data required for compiling
the volume equation. In this case the cause of occurrence of errors in determining
the volumetric displacement can be the above-mentioned failure to consider the
configuration of the placed objects and the requitements on their individual and
mutual arrangement on the ship. TFor example, when designing submarines armed
with ballistic missiles (submarine missile carriers), it is highly desirable (by
stability and propulsive performance arguments) to select the diameter of the
pressure hull in the vicinity of the missile compartment so as to insure minimum
possible protrusions of the missile tubes beyond the pressure hull considering
restrictions with respect to draught, technological possibilities, and so on.
This structural solution is applicable, -in partic lar, on the American nuclear-
powered submarine missile carriers [10]. The diameter of the pressure hull
selected in this way frequently becomes defining for all other compartments, that
is, the minimum required diameters of the other compartments turn out to be
smaller than the missile compartment diameter.

Selecting the diameter and length (considering the number of missile tubes) of
the missile compartment, the designer proceeds with laying out the other compart-
ments, in particular, the primary control station. (PCS).compartment located
forward of the missile compartment. The minimum required length of the PCS
compartment in some cases is determined by the conditions of placement of the
telescopic devices (periscopes, radio and radio technical antennas, and so on).
For the adopted length and diameter equal to the diameter of the missile compart-
ment, the volume of the PCS compartment can turn out to be extremely large by
comparison with the volume required for the placement of equipment and facilities
- which must be located in the PCS compartment. As a result, "free" space appears
in this compartment. The elimination of this ''free" space by decreasing the
diameter of the PCS compartment is undesirable inasmuch as a sharp change in
diameter leads to an inciease in hull weight, volume of the interside space, and
so on. Theoretically the designer can try to fill the "free" space with equipment
and facilities from other compartments, but restrictions on the individual and
mutual arrangement of the objects on the ship come into play. For example, it is
- undesirable to put main power plant ‘elements in the PCS compartment, and so on [10].

The above-indicated peculiarities leading to the appearance of “free" spaces when
composing the general arrangement of the weapons, accessory equipment, technical
means and personnel on the ship are not taken into account by the volume equation
inasmuch as it considers only the sum of the volumes required for placement of
each of the objects individually without considering their corfiguration and
requitements on arrangement by compartments.

Analogous examples can also be presented for surface ships. However, here the
problem of considering the volumes required by the placement conditions is not
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so urgent as for submarines inasmuch as by the conditions insuring unsinkability
of surface ships it is necessary to have a comparatively large (usually more than
100%) reserve buoyancy which can be used for combat supplies on hand, elements of
dccessory equipment, technical means and personnel. The volume equation has

more significance for transport ships. Sometimes the so-called--capacity equation
1s used for transport ships instead of the volume equation [35].

The author has considsred it necessary to present a special discussion of the
above-indicated peculiarities of compiling and using the volume equation so as to
emphasize once again the importance of graphical development in the process of
designing ships, including during analytical design.

4, Initial Transverse Stability Equation. The initial transverse stability of a
ship is characterized by the metacentric height

h=240— 4, (2.39)

where 2o, z, are the y-coordinates of the center of buoyancy and center of gravity;
p is the transverse metacentric radius.

The value of z; is determined using the genmeral arrangement plans, and the values
of z; and p, using the lines plan. The expansion of equation (2.39) consists in
establishing the analytical relations of the variables -entering into it as a func~
tion of the principal dimensions of the ship, the lines coefficients and other
characteristics.

In order to find the value of z¢ in the initial design stages when the lines plan
is unavailable, analytical representations are used for the curve of waterplane

areas. As applied to surface ships these are most frequently parabolic curves.
The expression for z; is represented in general form:

PR ='¢1 (%) T, (2.40)

where ¢1(6/a) is a function of the ratio §/a, In reference [35] the following
expressions are presented for ¢1(6/a) obtained on the basis of processing the
statistical data by V. V. Ashik

o 5
® (%) =0,858 — 0,370,
V. G, Vlasov

* (%) =0,372 40,168 %,

and L. M. Nogid ,
1 ('2‘) =—l2— (%) E

The approximate analytical expression for the transverse metacentric radius p
can be obtained under the condition of analytical assignment of the shape of
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the construction waterline. For surface ships frequently the parabolic representa-
tion of the waterline shape 1s used. The general expression for p is assumed in
the form -

p=a (L, a) 2, (2.41)

where, according to A. P. Van der Fleet [1 35],
5 | o '
o5 a)=7°‘T. k=114 -to 11.7.

If we express the y-axis of the center of gravity z; in fractions of a hull
height,then considering (2.40) and (2.41) we obtain the formula for h in the
form

h=¢1( )T-‘—qa(—.tz)———g (2.42)

where £ is a statistical coefficient.

Formula (2.42) is also written in the following equivalent forms:

’ (2.43)

Expressions (2.42) or (2.43) can be considered as the equations with respect to
the principal dimensions B, H and T. The stability equation must be considered
jointly with the equations of masses, volumes and buoyancy. If the displacement
and the principal dimensions of the ship are defined in advance, then using
expressions (2.42) or (2.43), it is possible to find the metacentric height.

When considering the stability conditioms in the initial design stages it is
necessary to consider the possible simplifications of the problem comnected with
the peculiarities of the ship's hull shape, the general arrangement system, and so
on. Let us illustrate this principle in the example of submarines.

z)

/ i 2c4p \
7<:;“‘-‘__> gf_‘ 6 <_—/’(/

Figure 2.6, Mutual arrangement of the transverse metacenter and center
of gravity of a submarine with hull in the shape of a solid of revolution
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For atomic submarines of the majority of traditional classes and types, the shape
of the outer hull is very close to a solid of revolution [10]. With this hull
shape, for any draught, including underwater, the metacenter is approximately on
the longitudinal axis of symmetry of the hull, 'In this case the insurance of
initial stability reduces to the placement of the basic loads for which the center
of gravity of the ship will be below the longitudinal axis of symmetry of the hull
(Figure 2.6). Here it is necessary to consider that the center of gravity of the
hull of investigated shape can be considered approximately on the axis-of rotation
(the axis of symmetry). Considering the above-indicated peculiarities, the
initial stability of a submarine both on the surface and under water basically is
determined by the values (masses) and arrangement with respect to height of only
the following loads (Figure 2.7): the power plant (MPP), the missile and torpedo
weaponry (MW and TW), and the solid ballast (SB).

For fixed displacement D=const the metacentric height will be

My 825y + My 2o + Mypht A2pg = Mg 216

h=— = ,

(2.44)
Key: 1. power plant; 2. torpedoes; 3. missile; 4. missiles; 5. solid ballast
where mypp, m.{w, mgg, My, are the masses of the power plant, the torpedo weaponry,
the solid ballast and one missile tube with missile; AZ'MPP’ Azepas BZpgss Az

are the distances of the centers of gravity of the corresponding loads from the
axis of symmetry of the hull; n is the number of missile tubes; D is the normal
displacement.

AAAN
: / (1) [roy

g =
s — W2)
Tdepdwiu
9 (6) sonmaem (5)

Figure 2.7. Diagram of the arrangement of basic loads determining the
transverse stability of a missile submarine

Key:

main power plant

Az
Az
AzSB

so'ﬂld ballast
AZMPP

STV WN =

1
——

1) 3

T

48/2 /- _\ 48/2

Figure 2.8. Diagram of the arrangement of rocket tubes for Ltube<B'
Key: 1. Liybes 2. Azyp
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If zg; are the x~coordinates of the centers of gravity of the loads with respect
to tge base line, B is the diameter of the hull, then Azi‘=zG'i-_B/-2~. '

Usually the inequalities exist: Az p<0, Azp>0, Azww, Az B<0. Considering
these inequalities from expression 2.44) it is possible to find the maximum
admissible (with respect to stability conditions) number of missile tubes for
fixed stability coefficient (Dh=const)

_ My | 825y | + Meg 1 A25] — Meg | A270| — DR
nmax - m]pl '-\zpol ’ (2. 45)

where IAzi[ are the absolute values of the corresponding variables.

1f we consider the displacement as a function of the number of missile tubes, then
the maximum number of tubes will be found from the equation

D) A My | A2y | == Myg | A2rg | — Mro | 210 |
myp | 32p] myp | Aipg |

Let the length of the missile tube be Liypes and the distance of its center of
gravity (with missile) from the lower edge of the tube to be oLiybe, Where o is
a given value (0<0<l), Let us propose that for Liype<B-AB the tube is "hung" on
the upper edge of the pressure hull (Figure 2.8). Then

B’

aLw—T for B < Lun
Azo =1 5
"7 -, forB>La (2-46)
9 Az, 2a — B for B <,
Lu | B —2(1—a) for. B'>1,
5 B—AB B’
where B’ = o = Tu and AB/2 is the width of the interside space.

For fixed values of AZMPP’ Azqy and Az B the maximum admissible number of tubes is
reached under the condition of the min?mum value of Azyy. _From the formulas
(2.46) it follows that the minimum of Azyy is reached for B'=1 when the length

of the tube is approximately equal to the hull diameter. Figure 2.9 shows the
values of 2 Az /Ltube as a function of B' for a=0, 0.5 and 1.0. In practice the
value of lAzSBITMincreases with an increase in the hull diameter, but inasmuch as
usually my n>mep, the conclusion of the expediency of insuring the equality
B'Liype 1S malntained also considering this fact.

208 2g0/Lw) (1)
j; -

=
A

@
i 64

o,

0

Figure 2.9. Dependence of 2 Azyy/Lipo o0 B
Key: 1. 2(Azyy/Lipe)
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In the investigated example the stability conditions can be takem into. account
directly in the mass equation. Let us propose that the stability will always be
insured with an increase in the mass of the solid ballast. From the formula
(2.44) it follows (for AszZO)' that

Dh + mgy Azsy + myp ndzp,
A2y

m,‘,6=_.

or considering Azgp<0

Dh - may Azgy - mypn Azpy,

Mo =
76 [Azr6]

Assuming that IAZSBI:BIZ, we obtain

(2.47)
Azpo

h o, Az
Mg = 2D BT 2'"3?'—32 + 2ln1pﬂ T .

For a hull in the shape of a solid of revolution the ratio L/V1/3,-Where V is the
total geometric volume of the hull, is a function of the ratio L/B, that is,

Lo f ( L ) Considering this function and the relation between the value
vhe B/
of V and the displacement D, it is possible to represent formula (2.47) in the
form
; Az Az,
Moe o= O l‘sDQ"’h L 1 n W, po
16 oY 57 (—é—.) —k‘,'a 0 Qmay-B TQm,pn B

_ where k=pV/D.

Let us denote the righthand side of the last expression in terms of A, and let us
define the relative mass of the solid ballast by the formula '

A for ASmY,
Ty M _ D D
D) mid for . £ <,

(2.48)

where ;(O) is the given minimum admissible value of the relative mass of the solid
ballast:sﬁetermined by the requirements of trim, modification reserve, and so on.

Substituting expression (2.48) in the mass equation, we obtain. an equation in which
the conditions of initial (transverse) stability will be approximately taken into
account.

It must be noted that when compiling the basic equations of-the analytical method

of design it 1s expedient to strive, at least approximately, to consider the
largest possible number of requirements and conditions which the ship must satisfy.
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For example, the requirements on unsinkability can in a number of cases be
considered by the appropriate selection of the reserve buoyancy as a function of
displacement and the number of compartments. This relation is established by the
statistical method or on the basis of investigation of the simplest system for
calculating the unsinkability. For submarines it is possible approximately to
consider the condition of trim by the introduction of a special volume providing
for trim into the volume equation. The magnitude of this.volume will be
connected with certain characteristics of the ship, for example, the mass and
volume, and, consequently, the engine power, inasmuch as, as a rule, for nuclear-
powered submarines the power plant, which is placed in the minimum required volume,
is the basic load shifting the center of gravity of the ship aft with respect to
its center of buoyancy.

5. Ship Power (Speed) Equation. The power equation relates the required power of
the ship's engine to its maximum speed, displacement, principal dimensions and
characteristics of the hull shape. The above-mentioned admiralty formula is the
simplest form of power equation.

In the general case the power equation has the form

(2.49)

where V is the volume of the part of the ship's hull submerged in the water.

The expansion of equation (2.49) consists in considering the dependence of the
values of w, £ and n on the displacement, the principal dimensions, speed, hull
shape parameters, number of screws, their rpm, and so on. As is known, this
problem does not at the present time have a sufficiently exact analytical solution,
especially for surface ships and submarines on the surface. In this case the
power equation is given using the tables and graphs compiled on the basis of the
results of systematic tests of models of ships in model testing basins [52].

The problem of expansion of the power equation for submarines under water is
solved more simply inasmuch as in this case there is no wave drag and, in addition,
for well streamlined bodies such as the hulls of modern submarines, the ratio of
the eddying drag to the friction drag is a value independent of the speed of the
submarine determined by the hull elongation (L/B), its ellipticity (H/B) and the
shape of the ends which, as a rule, are either made spindle shaped or stem [10].
This relation presented in Figure 2.10 can be approximated, which together with
the formulas for the friction drag coefficient permits representation of the
drag analytically. On the basis of the fact that the drag coefficient decreases
with an increase in L/B, and the wetted surface of the hull increases, the prob-
len of determining the optimal value of the ratio L/B can be solved beginning
with the condition min(Zw).

If we ase the data of Figure 2.10 and formula w=0.26L/B+5.60 which, according to
{101, is valid for hulls in the shape of well streamlined solids of revolutiom,
then from the point of view of propulsive performance under water we obtain the

estimate (L/B)opcl'S. This estimate is valid for gp=1.85.10-3, AGrybe=0.4+1073,
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Figure 2.10. Value of ¢ /(CT+AC ube) as a function of the ratio L/B
and the prismatic coefficient ¢ Eor the hulls of submarines executed
in the form of solids of revolution [10]

Key:
1. A;tube

the drag coefficient of the protruding parts [ ,_.0=0.80o10'3 and ¢=0.68. According
to the data of [10], the above-indicated values of the drag coefficients and the
prismatic coefficient occur for American submarines of the "Skipjack" class.
Tnasmuch as the optimum with respect to L/B ia very gently sloping, in the existing
submarines the values of L/B usually exceed the indicated optimum.

During the AD process the power equation is used to determine the power and then
the mass of the power plant if the maximum speed of the ship is taken as one of the
independently variable characteristics. When the power of the power plant is

taken as the independent variable, the formula (2.49) is used to determine the
maximum speed of the ship after finding the displacement and the principal dimen-
sions from other equations. Here the mass and the volume of the power plant enter
into the mass and volume equations as a power functionm.

The latter case of wusing the power equation which in the given case is more
correctly called the speed equation, appears to be expedient primarily for surface
ships, inasmuch as the introduction of a complex power equation having no analytical
representation into the mass and volume equations greatly complicates the latter

and complicates their solution.

Let us consider some problems connected with expansion of the speed equation for
surface displacement ships. The problem consists in representation of the right-
hand side of equation (2.49) in the form of the speed function Vpax considering
the dependence on it of the drag coefficient and, generally speaking, the propul-
sive coefficient. Let us represent equation (2.49) in the form N=Ng/n, where

Ne (or EPS) is the towrope or effective power

1 o
Nl =3 P(-'?nax’awvlh'
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For approximdtions the dependence of the drag coefficient and, consequently, the
towrope power on the speed and the basic parameters of the ship's hull shape, is
given using tables, graphs and diagrams (the Dwyer-Girs diagram, the Taylor
diagram, Papmel' diagram, and the Girs graph) permitting determination of the
residual drag, that is, the sum of the wave and eddying components of the total
drag or the towrope power directly. In particular, the diagram and the correspond-
ing Papmel' empirical formula offer the possibility of finding the towrope power
directly. The Papmel' empirical formula has the form

. - D A, =1
Al’:O'/SBTT‘ ¢—C—v3.

Here N, is the towrope power, kilowatts; D is the displacement, m3;' v is the
speed, knots; L is the construction waterline length of the ship, meters;

N A is the correction coefficient to the length; A is a coefficient taking into
account the effect of the protruding parts; Y 1s a coefficient characterizing the
longitudinal fineness of the hull; C is a coefficient defined by the Papmel'’
diagram as a function of the coefficient ¥ and the relative speed v’=v/$ﬁ.

The coefficients A and ¢ are defined by the expressions

[0.7-03) & for L<100,
1=

l I for. L » 100,
y=108(5) "

where § is the block coefficient. The coefficient A depends on the number of
screws z, For z=1, 2, 3, for A=1, 1.05, 1,075, and 1.1, respectively.

The Papmel' diagram is applicable for ships with the characteristics y=0.35 to
1.10; B/T=1.5 to 3.5, L/B=4 to 11; §=0.35 to 0.80. If we use the expression

3

o LN B phs
L= =g (F) 7, D"

all the values entering into the Papmel' formula can be expressed in terms of
1./B, B/T, 8§, v and D. If we also use.the empirical function for selecting the
relative length as a function of the Froude number, then the towrope power will
depend only on B/T, §, v and D,

When solving the speed equation by computer, the table of values of the
coefficient C will be input to the computer memory or the solution will be
realized in the dialogue mode where the designer inmputs new values of C to the
computer as the successive approximations are made, using the current values of
the parameters v' and ¢ for definition of them (by the Papmel’ diagram).

Previously, the important significance of the graphical dialogue was noted for
automated design of ship using a computer. At the same time, insurance of the
dialogue mode of operation of the computer with operative and graphical output
of the intermediate and final results and also input of new additional initial
data has important significance when solving purely computational problems of
ship design.
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The author has considered it appropriate to make a comment regarding the use of
the dialogue capabilities of computers when solving design problems in connection
with the fact that modern computers and computer. systems based on using computer
engineering are equipped with a quite large arsenal of means of imsuring the
dialogue mode of operation and it is necessary to make skillful use of these
means.

Turning to the problem of discovering the type of equation (2.49), we shall not

_ present arguments pertaining to the determination of the towrope power for
submarines under water, inasmuch as this problem is solved significantly more
simply than for surface ships, and for the approximate calculation it is possible
to obtain an analytical expression of the towrope power.

Let us briefly consider the problem of approximate calculation of the propulsive
coefficient, .considering obtaining the corresponding analytical expression. The
value of n usually is represented in the form

l—t .
L

7]=|]p —=

where np is the efficiency of the screws in open water; w, t are the wake and

thrust deduction coefficients; i is the coefficient of effect of nonuniformity of

flow. The value of [l-—l = is called the hull-efficiency factor. The
T—w K

value of i is very close to one. (usually 130.95), and the values of the

coefficients w and t are selected in the initial design stages by prototypes.

At the present time for approximate determination of the hydrodynamic characteris-

tics of the screws in open water, including determination of their efficiency,

special diagrams which were constructed on the basis of processing the results of

series tests of screw models, In Soviet practice the diagrams of E. E. Papmel’

have found the greatest application. They are a graphical representation of the

thrust coefficient (K1) and torque coefficient (Kp) as a function of the relative

advance coefficient of the screw Apaxﬁ%:ﬂl for different pitch ratios of the zero
n

thrust Hyj/d. Here v(l-w)=v_ is the speed at the propeller disc; d is the

screw diameter; n is the rpm; Hy is the zero thrust step.

From the point of view of the initial data when solving the problem of selecting
the screws (the number of screws z is given) the following four cases are the
most difficult:

_ 1) The speed of the ship v, the diameter of the screws d and the resistance r
are given, and it is necessary to determine the rpm n and the efficiency Np3

2) v, n and r are given, and d and n, are determined;

3) v, d and the available power on the screws N are given, and n and n, ere
determined;

4) v, n and N are given, and d and np are defined.
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In order to facilitate a solution of the problem of selecting the screws, lines
of equal values of the four coefficients which are presented in the series
corresponding to the four cases of ‘assignment of the initial data are plotted
on the Papmel' diagramsl

v P —dv(l — p
K“_I"F v (1 w)V—;—(l—t)z,

1

. A I-—lwl.‘
Ky =02 2=l /0 j_y
_ ol AR
. . 7513 I
Ki= )/ g =t 0 J 0 -2
4/r'——'75;‘5 ¢ _ 4 fr———————
-1 o vil—w)  /pu
Kn—l, TK,‘—T. —N-.-(l--w)z.

The fixed values of the above-indicated conditions correspond to certain sets of
screws with different values of the desired characteristics. Therefore, for a
unique solution of the problem (for fixed geometric parameters of the screw,
except the pitch ratio), it is necessary to introduce an additional condition,
for example, maximizing the efficiency. In order to solve the problem of
selecting the screws in this statement the lined K'g opt(Ap)’ K'y opt(A Y,

K"q opt(Ay) and K", opt(Ap) are plotted on the Papmel' diagrams, at each point
of which the efficiency reaches a maxitum.

The relatioms for the optimal values of the efficiency (n°Pt) as a function of
the corresponding coefficient K4 and K, can be constructeg by the Papmel' diagram.
Approximating these functions, the analytical expressions for the efficiency are
obtained in terms of the coefficients K4 and K,s and, consequently, in terms of
the speed of the ship, the screw diameter (or rpm), the drag of the ship (or
available power), and the number of screws. For example, the function n°pt(K'n)
for three-bladed screws3 is approximated well by the expression (2.11). P

W (K) = 1,60 (K21€ — 1 for Ki=05 to'1.7.

11t is necessary to consider that the-Papmel' diagrams are constructed for the
system of units kilogram-force, meter, seconds, where the power is measured

in horsepower. When using the SI system this must be taken into account by
recalculating the values of the corresponding variables.

21t is also possible to use other versions of the additional condition, for
example, along with the efficiency, to-consider the acoustic qualities in the
screws,  and so on.

3The Papmel’' diagram for these screws is presented in Appendix 1 of the book by

V. I. Solov'yev and A, D. Chumak KORABEL'NYYE DVIZHITELI [Ship Propulsion Units],
Moscow, Voyenizdat, 1948).
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Similar approximation relations can be obtained for the efficiency also as a
function of the remaining coefficients Ky and K.

Inasmuch as K"3 and K", do not depend on the drag, when selecting the screws in
the case of the given available power it is possible to obtain. an approiximate
analytical expression for the propulsive coefficient. of-both surface ships and
submarines above and below water. In this case the equation (2.49) is used to
determine the speed of the ship. Its analytical representation.is. possible for
submarines under water, for in this case the towrope power is expressed
analytically.

nf®

0,8 >
/ .
0,7 ¢ i

e 5"‘--_‘ B
0,6 2 1“'\V
/ = 2

05 >

0405 G5 87 68 03 40 47 K7 J 16 43 48 Ky

Figure 2.11. Optimal value of the efficiency (nSPt) of the screw
(A/A4=0.55) as a function of the coefficient K'p.
1 —- by the Papmel' diagram, 2 -- approximation

When equation (2.49) is used as the power equation for substitution of it in the
mass and volume equation and subsequent determination of the displacement, the
analytical expression of the propulsive coefficient is obtained only for
submarines inasmuch as in this case the drag on which the coefficients K'g and K'j
depend is expressed analytically. At the same time from the formula for K'p it
is obvious that the dependence of this coefficient on the drag is very weak
(inversely proportional to /r. In addition, the value of nQPt for the values of
the screw efficiency used in practice varies also very slowa with variation
of K'y. Defining the values of K'y this makes it possible to use an approximate
value of the resistance found, for example, using the admiralty formula after
solving the three-term mass equation (the admiralty coefficient is taken by the
prototype). By this procedure it is possible to obtain the analytical expression
for the propulsive coefficient in the power equation of surface ships when select-
ing screws that are optimal with respect to diameter for the given rpm.
- However, the general problem of analytical assignment of the power equation of
surface ships in this case has not been completely solved as a result of absence
of the analytical expression for the towrope power.

From the Papmel' diagrams, in particular, from the above-presented approximation
function noPt (K'n), it follows that the screw efficiency increases with an -
increase in K',. In turn, the value of K'p depends primarily on the ratio v/Va,
and it increases with an increase in this ratio. Hence, we have thé conclusion
of expediency of decreasing the propeller rpm for any speed of the ship. However,
this conclusion is valid to a defined limit, for when some critical value of

the ratio v/v/n is reached, the screw efficiency begins to decrease as a result
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of an increase in resistance to turning of the screw caused by the frictional
forces of the water. From the practical point of view the limiting decrease in
the screw rpm is limited, as a rule, by the maximum admissible-diameter of the
screws with respect to the conditions of .replacement, strength, possibility of
manufacture, and so on.

The effort to insure maximum screw efficiency as a result of decreasing their rpm
and, correspondingly, placement of the screws of the greatest diameter gives rise
to preference for the single-screw propulsion system for submarines on which the
most favorable conditions for placement of maximum diameter screws exists with the
single-screw system. In practice all modern foreign submarines, including all of
the basic classes and types of nuclear-powered American submarines have a single-
screw propulsion system with relatively low propeller rpm [10]. The single-screw
propulsion system with low propeller rpm is also favorable from the point of view
of decreasing the noise of the screws, which is highly significant for submarines
[10]. A more detailed and comprehensive investigation of this problem is beyond
the scope of this book which is basically of a procedural nature.

§2.4. Use of Similarity and Dimensionality Theories when Compiling the Equations
of the Analytical Method of Ship Design

As is known, when compiling the equations of the amalytical method of ship design,
the similarity and dimensionality methods are used, which arises froem the complex-
ity of the relations entering into the equations and the difficulty, and sometimes
practical impossibility, of the development of exact mathematical models of the
corresponding physical phenomena.

The basic idea of the similarity method consists in the following basic theorem
of dimensionality theory.

Let the dimensional variable x of interest to us be a function of n .dimensional
variables %Xy, ..., X,, where the units of the values of X]s eees Ky, where k<n,
are independent,l that is the corresponding dimensionalities cannot be obtained
from each other in the form of a power monomial. It is possible to show [46] that
the dimensionality formula of any physical variable has the form of a power
monomial. In dimensionality theory the statement is proved that the initial rela-
tion between variables x and x3, ..., X,

x=fy(xy, ..., Xa), (2.50)

expressing a physical law independent of the choice of units of measure, can be
represented in the form of a relation between dimensionless variables I,

M1s sees Hn—k

n=f‘2(1' ""v 1- nll L] Hn—k)r (2.51)

1The number of basic units of measure must be greater than or equal to k.
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where ) .

= ud 0, = —Ths __ =
' 1 = 1y n-k = )
SRR ] 1 ... xRk P2 IR £

my, Pys 44> i=1, ..., k are the values that define the expressioms- for- the units

of measure of the variables X, Xp4is +ee» x, in terms of the independent units of

Xl, ceey xk.

On the basis of the single~-term power type expression of the units of any value the
following relations exist:

[x] = bal™ [5]™ .. (o™

EAR RS P ] PSR P A )
[l = Lol Ll" - Txel®,

where the brackets denote the units of the corresponding values.

The above-presented fact of the possibility of going from expression (2.50) to
expression (2.51) is called the Il-theorem.  Accordimng to this theorem, the initial
relation between n+l dimensional variables, X, X3, «ce¢) ¥ can-be replaced by the
relation between (n+l-k) dimensionless combinations Ty Mys eees M,k @ a result
of which the number of arguments in the investigated function decreases by the
amount k, that is, by the number of independent units of the initial arguments

X5 eees ¥. This fact theoretically simplifies the investigation of the initial
function the more so, the smaller the value of n-k. 1In the special case where n=k,
the theorem permits establishment of the form of the initial function with
accuracy to an arbitrary comstant. In this case NI=f5(l, ..., 1), that is

X
——=fy(l, ..., 1y=C=const,
Xll “ee lek 2( ) ' (2-52)

X=CXT‘ e X‘:k,

where the exponents mj, ..., WM are easily found from the dimensionality formula
for x.

From the N-theorem, we have another important corollary: if the dimensionless
variable depends on a number of dimensional arguments, it can depend only on the
set of independent dimensionless combinations made up of dimensional arguments.
These dimensionless combinations have the form of power monomials.

In the general case the NI-theorem does not permit.the form of the investigated
function to be found. This must be done either experimentally or on the basis
of investigation of exact mathematical models. The use of prototypes can be
considered as an experiment. In cases where the experiment is accompanied by
errors, we resort to statistical processing of the results. The statistical
methods are used when processing the data of several prototypes, considering
that each prototype is only approximately similar to-the designed ship.. Sometimes
in order to obtain the type of investigated function, we refer to approximate
mathematical models. In these-cases for determination of the series of
coefficients and parameters of the investigated function statistical methods are
also used.
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Dimensionality theory shows that out of n variables, k of which have independent
units of measure, it is possible to compile no more than n~k independent
dimensionless combinations. It is obvious that the effect of applying dimensional-
ity theory will be greater the smaller the number of initial parameters (n) ahd

the more basic units of measures selected.

Generally speaking, the number of basic units of measure is selected arbitrarily,
but increasing the number of basic units of measure is connected with introducing
- additional physical constants which must figure among the defining parameters
(arguments of the function fl). Increasing the number of units of measure, we
increase the number of dimensional constants. Here the difference (n+l-k) equal
to the number of independent dimensionless combinations remains constant. There-
fore it is possible to consider that in the general case the number of independent
units of measure will not exceed 3 (for example, kilograms, meters, seconds).

The II-theorem is essentially the basic theorem of mechanical similarity, a special
case of which 1s the geometric and dynamic forms of similarity. The similarity
condition 1s the equalities —- similarity criteria -- independent of the dimension-
less combinations Ny, +.., My} compiled from the defining parameters Xj, «.., Xp-
Obviously 1f the similarity conditions are satisfied, then according to the data
of the dimensionless characteristics of one object or phenomenon the corresponding
characteristics of another object or phenomenon can be found with varlable v?}yes
of the defining parameters. Actually, if for the two objects we have Il 1)=H

i=1, ..., n-k, where the superscript refers to the number of the object,

then the equality n(D=x(2) permit? §he des rgd vaiue ?5 x(2)to be found by the
given values of x xgl) and x?

X2 = xh (=)™ (D)
: (x{”)”’t (xil’)’"k ’

Below, two examples of using the methods of similarity for determining the func-
tions entering jnto the mass, volume and power equation are investigated.

1. Determination of the mass of the pressure hull of submarines in the initial
- design stages. The cylindrical pressure is characterized by the following
parameters on which the skin thickness t depends: d -- diameter; % --
characteristic linear dimension of the index contour -- frame spacing; p -— design
pressure; op —- admissible stresses in the skin material; E —- modulus of
elasticity of the skin material; wg.ane == cross sectional area of the index
contour means (frames).

From these seven parameters (considering the value of t) it is possible to compile
five independent dimensionless combinations, for the number of variables with
independent units of measure is equal to two. The following can be taken as

such combinations: t/d -- the relative thickness of the skin; Nl=p/op —- strength
indexes; X = p/E -~ rigidity index; T'y=£/d, Pé=2d/wframe —— geometric indexes.

On the basis of the Il-theorem we have the eXpression

_d_=f(n >K rlv ]-‘2) (2'53)
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Considering (2.53) for the mass of the skin .we obtain

Moo = ndltp, = nd’lp.f (H’ >K' Fl’ -rg),

60 (2.54)

Key: 1. skin
where py is the density of the pressure hull material.

The specific mass of the skin of the pressure hull (PH)'qPH’ by which we mean
the mass per unit volume of the shell, is defined by the expression

q?f)= 4%'%‘["— = 4puf (Hr ~>K, I‘;, Pz) ‘ (2 '55)

Key: 1. skin

The form of the function f must be found either experimentally (by prototypes) or
by mathematical models of structural mechanics.

Actually, the minimum value of the PH mass is of greatest interest, which permits
us to exclude the indexes T and TI'y from the investigation as a result of select-
ing the optimal geometric relations of the shell, In addition for sufficiently
large values of p/cD corresponding to efficient use of the material with respect
to stresses, the rigidity criterion turns out to be insignificant.

Under the assumption made, instead of (2.55) we obtain

Qog;)= ouf () =puf (&), (2.56)
Key: 1. skin i :

where the coefficient 4 is taken into account in the function £.

Let us establish the general form of the function f in expression (2.56), beginning
with investigation of the simplified mathematical model of calculation of the
strength of the skin of the unreinforced cylindrical shell. Stresses in the
longitudinal cross sections of an unreinforced cylindrieal shell are twice the
stresses in the transverse cross sections (Figure 2.12), and they are determined

by the so-called "boiler" formula o=pd/2t. Consequently, by the strength condition
(0=0n,) the thickness and the specific mass of such a shell have the form

de920p; dskin=20MP/0p.

From investigation of the simplified. mathematical model we have the linear form

of the function f. At the same time, from the practical calculations and the data
on the manufactured hulls it is possible to establish that the mass of the skin
usually is the main part of the total PH mass. Accordingly, the similarity law

for the skin mass of an unreinforced cylindrical shell can be approximately
extended to the mass of the entire PH. It is-also known that the load item of the
"pressure hull" includes certain parts (welds, local foundations under small equip-
ment in the interside space, and so on), the mass of which does not depend on the
design pressure or the strength characteristics of the PH material.
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Figure 2.12. Schematic of the determination of stresses acting in

the longitudal (a) and transverse (b) cross sections of the circular
cylindrical shell

Thus, the formula for the specific mass of the PH can be proposed:

= A (2.57)
) rlagro)
Key: 1. PH -

where H is the specific depth of submersion of the submarine; op is the yield point
of the PH material; a, b are the coefficients defined by statistical means.

In formula (2.57) it is considered that the designed pressure p is selected propor-
tional to H, and the admissible stresses, proportional to o

T.
"0 =
X 7
A
7/
/
N S/
0 2,7
& 80 e
y o A
R . /e
T
-3
s
g 10! S S—
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Figure 2.13. Specific mass of a steel pressure hull of a submarine
as a function of the designed depth of submersionm.

1 -~ op=519 newtons/mmz; 2 - °T'1029 newtons /mm'
Key:

1. Specific mass of the pressure hull, kg/m3
2. Designed depth of submersion, meters
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If the volume of the PH is proportional to displacement Dy, then the mass of
ithe pressure hull is introduced into the mass equation by the.relation

- H .
M = 22 e (a i+ 5) Dpy (2.58)

where. w, 1is the relative volume of the PH; p is the density of water.

Formulas (2.57) and (2.58) are valid for quite large values of H/og when the
strength conditions are defining, and not the stability eonditions of the shell.
For small H/O‘T when the stability conditions are limited, the values of qpy and
TMpy will be greater than those defined by relations (2.57) and (2.58)., What has
been stated is illustrated by Figure 2.13 which is borrowed from [10].

The presented example illustrates .the joint use of the similarity method (discovery
of the dimensionless parameter H/op), approximate mathematical models (establish-

ment of the linear form of the function f) and statistical methods (determination
of the numerical values of the coefficients a and b).

2. Determination of the required power and mass of the power plant of a ship in
the initial design stages. The mass of many types of power plants of ships can be
considered in a quite wide range of powers directly proportional to the power:

'?1’)=—q";f" (2.59)

Key: 1. power plant = PP
where %p is the specific mass of the power plant.

The power of the power plant required to insure the given maximum speed of the
ship vp,4) is defined by the formula

N="'+;X. (2.60)

Let us show how the similarity methods are used to obtain the drag as a function of
the ship's characteristics.

In the case of geometric similarity of hulls, including similarity with respect to
trim of the ship with respect to the water, the defining parameters for r are the
following: L -- length of the ship; Vpax —— its maximum speed; p -- water density;
g —- gravitational acceleration; u -- coefficient of dynamic viscosity of water.
From these five parameters and the value of r, three independent dimensionless
combinations can be compiled (here the number of variables with independent units
of measure is 3). It is possible to select the following of these combinations:

r

§ b
oL Unax

the Froude number
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the Reynolds number

pmax L
e T st tr— .
R m

Thus, on the basis of the N-theorem the drag can be represented in the form
r = pL?taxf (Fr, Re) = pStmexf (Fr, Re), (2.61)

where S is a characteristic area, using the wetted surface of the ship Q without
protruding parts (the wetted surface.of the bare hull). For geometrically similar
hulls we have the expression QFmVZé , where w is the relative (dimensionless):
wetted surface, Vgy is the volume ot the bare hull, Congidering this expression
formula (2.61) can be written as follows:

1 L7

r=— pvfmw}/ré(f(Fr. Re). ' (2.62)
1) . '

Key: 1. bare hull = BH

The value of rz=f(Fr, Re) in formula (2.62) is called the drag coefficient,

According to formulas (2.59), (2.60) and (2.62) the mass of the power plant is
defined by the function

Pv’;’nax Lo Bl (2.63)

m

My =y =3 " ol

(for surface ships k=1).

As was demonstrated above, the establishment of the analytical form of the func-
tion f(Fr, Re) for surface ships is impossible at the present time. This problem
can be approximately solved only for submarines under water when the similarity
with respect :to the Froude number becomes insignificant.

The determination of the resistance of surface ships by model testing is based on
the practical possibilities of representing formula (2.61) in the form

2 .
r =t (Re) S22 Q + Lo ( Fr) gV

where ;T(Re) is the frictional drag; ;no(z, Fr) is the residual drag coef;icient
reduced to the displacement; % is the relative length of the ship (2=L/V%H3).
The coefficient ¢y for the full gcale ship and the model is calculated by semi-
empirical relations used for flat plates. The coefficient t', for the full
scale ship is-determined experimentally by .testing geometricagly some of the
models in model testing basins with observation of the Froude similarity law
(that is, with observation of the conditions #=idem, Fr=idem for the model and
the full scale ship) with subsequent classification and formulation as graphs,
diagrams or tables. For example, the Dwyer graph defines the value of z'p as a
function of & and the Froude number with respect to displacement _FrD=Fr/i-.
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If the value of ¢! 0(2, Fr) is known, then the residual drag coefficilent reduced
to the wetted .surface of the bare hull is defined by the formula

Lo(l, Fr)=2La(l, Fr)—Fr™.

let us consider the problem of using the methods of similarity and dimensionality
when determining the basic hydrodynamic characteristics of “the screws to which the
thrust P, the moment of resistance of the water to rotation of the screw M and

the screw efficilency n, are reduced. In this example we shall demonstrate in more
detail the transition grom the general relation (2.50) to the relation (2.51)
based on using the Il~-theorem.

If we fix such geometric parameters of the screws as the number of blades, the
disc-area ratio, the shape of the generatrix of the blades, the relative thickness
and width of the blades (besides the pitch of the screw), then the values of

P, M and n; will be defined by the following parameters: d -- screw diameter;

n -- rpm; ﬁ —~— sgcrew pitch; vp speed of the water in the propeller disc;

p —— water density.

Thus, there are three initial functions

P=f1P(d’ n, p, Hv Up)l
M =f1M(d' n, p, Ha f-‘p),
'flp=fm(d. n, p, H, Up)-

Let us consider the first of these relations in detail. Out of the six dimensional
variables P, d, n, p, H and v, only “three have independent units of measure.
Therefore in the given case only three independent dimensionless combinations

I, Ty and II2 can be compiled.

These combinations are obtained as follows:

Any three having independent units of measure, for example, d, n, and p are
selected from the parameters d, n, p, H and v (the result does not change if any
other three variables are selected, for exampge, H, n, p or d, Vp» p and so on);

The units of the remaining values of P, H and yare expressed in the form of
power monomials in terms of the units of measure d, n and p, that is,

[P] = [pI™ (n}** {d],

(H] = [pI™ [n]* (],

fvl = [p]™ ()" [d]™;

Defining the values of x;, yi and Z5y i=1,2,3, the dimensionless combinations are
compiled (in accordance with the NI-theorem)

P _ H - Up
1'1 = ———__p"’n”‘dz‘ ' nl - p"'n"'dz' ' H" p”ny’dz’

and the initial function is represented in the form
P = p"n”'d“f(nl, 1'[2)‘
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The values of x,, v., z_, 1=1,2,3 are easily found by selection. In the general
case for decermination 5f them it is possible to compile the corresponding systems
of equations. Let us demonstrate the means of compiling such equations in the
example of values of x;, y; and zq.

The relation between the units of measure of the wvalues of P, d, n and ghgs the
form kg—m/sec2=(kg/m3)x]_v (1/sec)Y1(m)?1 or kg-m-sec~2=(kg)®1(sec)~y1l(m) 21~ 7*1,
In the latter equality, equating the exponents: of the units in the lefthand and
righthand sides, we obtain the system of equations xi=1l, yl=2, z7=3x;=1, from
which we have x,=1, y;=2, zq=4. We find x,=0, ¥9=0, z9=1, x%5=0, y3=1, _z3=l

) entirely aanalogously,

Consequently, the expression for the thrust can be represented in the form

P =pily (4, 2

d wd)’
- Considering the expressions for the torque and efficiency similarly, we obtain

M = on?d¥,y (_I;—' _::% ) !

Mo =Im ('[';" ’::—Z')

The form of the functions fjp, fyy and f2 is established either experimentally
or theoretically on the basis of calculatgng the hydrodynamic characteristics

of the screw by eddy theory. The arguments of the functions fjp, f,, and £

are the relative advance of the screw A= p/nd and the pitch ratio ﬁyd In&Smuch

= P
as we have the expression

only the functions f,p and £ M are subject to experimental or theoretical
determination. For vurious Ap and H/d the values of these functions are the
thrust coefficient (K1) and the torque factor (Kj).

If we fix the pitch ratio as one of the geometric characteristics of the screw,
then the thrust coefficient and the torque factor will depend only on the relative
advance A,; these relations (the curves for the effect of the screws with
different geometric characteristics) are depicted graphically on special diagrams
used for the design calculations of screws. As has already been mentioned, in
Soviet practice the Papmel' diagrams have become the most widespread (see §2.3).

§2,5. Application of Mathematical Statistics when Compiling the Equations' of
B the Analytical Method of Ship Design

- As ie known, the problem of designing a ship that is entirely original in all of
its parts arises only in exceptional cases where the general principles of build-
ing a ship are changed, Usually we are talking about the development or

alteration of ships that have already been built by adopting individual new
. solutions.
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At the same time, design is a creative process including a number of decisions of
an intuitive nature. Therefore the characteristics of the individual structural
elements, assemblies, and so on designed according to identical assignments and
by the same general principles, but by different designers, can differ somewhat
from each other. In general when designing each specific ship a number of
individual peculiarities are encountered which cannot in practice be taken into
account in the early design stages and which can be considered random factors,
For consideration of the above-indicated facts, statistical data processing with
respect to several prototypes is used. This processing is done by the methods of

) correlation and regression analysis permitting the relations to be found between
the characteristics of the investigated phenomenon, object or process considering
the effect of random factors. In ship design problems most frequently it is

- necessary to establish the dependence of the masses and volumes of individual
engineering subsystems on certain parameters: displacement, principal dimensionms,
speed, cruising range, sea endurance, and so on.

In the general statement the problem consists in establishing the dependence of
the investigated variable y on the variables X1, ..., . Inasmuch as y is a
random variable, it is proposed that this function can be described by the function

E (yiX)=[(X), (2.64)
’
where X is the vector of the variables Xy, ..., X3 E(y/X) is the mathematical
expectation of the value of y as a function of the vector X.

The determinate function f(X) is called the response function or regression
equation of y in X in statistical literature. It can depend on the unknown
parameters U, ... ¥,  and in the general case the form of £(X) itself can be
unknown. Let us designate the vector of the parameters &, ..., %, by 0. Three
basic cases of a priori information with respect to the function f(X, 0) exist.

1. The form of the function £(X, 0) is given. It is necessary to determine or
more precisely define the vector of the parameters ©. The procedure used to
find the statistical estimates for unknown parameters O is called regression
analysis. In §2.4, for example, a formula was found for the specific mass of
the pressure hull of a submarine

gy eulo g )
Key: 1. PH

In this relation the parameters a and b are established by the methods of
regression analysis using prototypes. The role of the vector X here is played by
the scalar value H/op, and the role of the components of the vector O, the
parameters a and b.

2. Several possible forms of the function £f(X, 0); fl(X, 01), fz(X, 02), cees
£y (X, OM) .are given. The dimensionality of the physical meaning of the vectors
04, i=1, ..., M can be different. It is necessary to determine which of the
given functions best corresponds to the statistical data and find the unknown
parameters. TFor example, for determination of the mass with respect to the
"gull" section for surface ships various formulas are proposed [14], in
particular the percentage formula
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my = EIDrm
the cubic modulus formula .
-1 anD
my = P, ?)'8 T m»

~ Hap &y
mK=p,—1—_—-b—6-Dmr
the A E. Tsukshverdt formula
- L
My = Py 7 Dpmy

where ;i, i=1, ..., 4, are coefficients subject to determinatién by the prototype
data,

It is possible to state the problem of discovering the most preferable of the _
indicated formulas and determining the value of the corresponding coefficient pj.

3. The form of the function x(X, 0) is in general unknown. It is only assumed
that this function is approximated quite well by a finite series with respect to
some system of given functions, It is necessary to find the best description of
the function f(X, ©) considering the statistical material and the selected system
of approximating functions.

In ship design practice, the latter statement of the problem is encountered com-
paratively rarely inasmuch as it, as a rule, leads to complex analytical
expressions for the investigated functions., In addition, this statement of the
problem frequently turns out to be simply impossible as a result of restriction
of the statistical material and impossibility as a result of this of representa-
tion of £(X, ©) by a series, for example, a polynomial with a sufficiently large
number of terms. In general, considering the problem of establishing the form of
the function f(X, 0) in the third information situation, it is necessary to -
N consider that the statistical methods theoretically permit only selection of one
of the a priori advanced hypotheses with respect to the desired function and not
establishment of the true form of this function.

For regression analysis most frequently linear models are used in which the func-
tion f(X, 0) is assumed to be linear with respect to the parameters © and 'the -
- variables X, that is,

HX, 8)=8"X, (2.65)
where * is the sign of transposition.

In addition to the variables Xys eeey X the component onl is included in the
vector X (in this section by vectors we mean the column vectors of the

components). The component X,=l1 corresponds to the free term in the linear
representation of the function f(X, @) with respect tq the variables %1, ..., X;.
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However, hereafter, as before, we shall assume that the vectors X and O have
dimensionality equal to n. This does not limit the generality of the arguments.

The representation of (2.65) is justified first by the fact that any smooth func-
tion in a sufficiently small range of variation of the arguments can be
approximately represented in linear form,-and in a broad interval, approximated

by a piecewise-linear function. Secondly, if f(X, 0) -is- represented by the
polynomial with respect to powers of the arguments Xy, ..., X, then by introducing
the fictitious variable x;=1 and new variables for different powers and products

of the arguments.Xy, ..., X, the polynomial representation f(X, 0) reduces to
linear.

Let us assume that in the linear regression model for certain fixed vectors

X1s «..s Xy (N>n) values Yy sees ¥ of the investigated variable y are obtained,
where y4, 1=1, ..., N, are"values of the independent Fandom variables with
identical, but known dispersions equal to o2, Under this assumption it is proved
[41, 54] that the best (justifiable,unbiased and having minimum dispersions)

estimates for the parameters can be found by the least squares method from the
condition

min 3 4, — 6,7,
which leads to the system of linear algebraic equations with respect to O:

gl X (g, —08*X,)=0, (2.66)
where 0 is the zero n-dimensional vec£or.

The system of equations (2.66) follows from equality of the partial derivatives
to zero

—a'ﬁ(y"’e‘x')z=0. j=1 ..., n
a9 = '

The solution of this system of equations (2.66) has the form
N -1 N
6= (21 X,XE) L X (2.67)

where EJ is the estimate of the vector 0.

If we introduce the matrix of experimental results into the investigation
£=lx) i=1 .., N, j=1 .. n vhere xjj is the value of the j-th variable

in the i-th observation, and the vector Y with the compents yj, ..., ¥N»

then the formula (2.67) can be written in the form

O = (X*X)1 EY. (2.68)

N
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The estimate for the mean square deviation of o2 w11 be defined by the formula
~ R A A
o2 = 7\’———11,21 (Y —B*X ) = N—LZ(Y'Y —B*3*). (2.69)

It is assumed that the columns of the matrix ¥ , that is, the vectors
"(xij, vees xN:W) j=1, ..., n, are limearly independent. This means that
the matrix p*p _ 2 XX is nonsingular, that is, its rank is equal to n.

If the exgression (2 67) or (2.68) is substituted in (2 65), then we obtain the

- estimate f(X, O) for the mean value of the predicted value of y. Inasmuch as
the values of O and, correspondingly, f depend on the random vector of the
observations Y, they are themselves random.

The estimates of © and f found by the least squares method are so-called point
estimates, which do not permit determination of the possible deviations of the
true function from the estimate f£. For the interval estimate (using confidence
intervals) it is necessary to know the provisional distribution function of the
variable y for fixed values of the vector X. Usually this function is unknown.
However, very frequently from the general argument it.is possible to assume that
the random fluctuations of the variable y for each fixed X are normally
distributed with a dispersion 02 which is identical for all x, but unknown. Here
the true mathematical expectation y for each X is also unknown to us, and it is
estimated by obgervation results. Under these conditions the confidence interval
for estimating f can be found using the Student distribution [48]:

?(X, é) + 1, N-ng(x*@_l)()‘/', (2.70)

s

where

. .V N . -l
o= (@2 = (8 xxi)"

tq N-n 1s the quantile of the Student distribution with N-n degrees of freedom
corresponding to the q% confidence probability. The value of t; yN-p is found
from the condition Sy_p(t,)-SN—p(—t4)=q/100, where Sy_,(t) is thé Student
distribution function with N-n degrees of freedom,

The error estimate for the mean value of £ at:the point N has the form

o(H =(xX*2X)"" g (2.71)
From the expressions (2.70) and (2.71) we have an important corollary. expansion
of the confidence interval going away from the point X=§-r . in’

the space of the variables X;, .., xn, that is, from the center of grouping of
the points, for which the observations were made, This meang that it is
necessary very carefully to extrapolate the equation found f(X,0) beyond the
limits of the experimental points.

>

68

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300080052-3



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300080052-3

FOR OFFICIAL USE ONLY

The minimum dispersion of the estimate f equal to o2/N is reached for X=X.

The least squares method is also { |uently used for the nonlinear function
£(X,0) with respect to the parameters © and the variables X, finding these
patameters from the solution of the gystem of equations

AY
d ; .
7 Bl — 1K O =0, j=1 ....m

_ In the given case the least squares method guarantees justifiable, effective
estimates only for the normal distribution law of the values of y and their
independence. When satisfying this equatiom the -least squares method follows
from the method of maximum plausibility [48, 54].

As an example of statistical dependence it is possible to present the formula
recommended by L. M. Nogid [35] for determining the mass of a steel hull of
ships more than 70 meters long:

m _';so,auLl.szo.nHo,so
K= 3

where S'is a dimensional coefficient, § is the block coefficient.

A similar function can be obtained using the linear regression model if we assume
that a formula of the following type is appropriate for determining the mass of
the hull

- Ol. Ospti gt

where p, 9, ..., 9, are unknown parameters.

Proceeding_to the new variables f=log m, x1=1og 8, xp=log L, x3=log B, x4=log H
and o=log p, we obtain the linear funmction

4
fxa ooy x.).—'-'°‘+12=:1ﬁixi'

The parameters can be found by the least squares method with respect to the
statistical data on prototype ships. Let us also note that in the given case

the estimation of the confidence interval for log mg does not, generally speaking,
permit us to obtain a confidence interval for the value of m itself.

In order to represent the process of establishing the statistical function of the
type (2.72), let us refer the reader, for example, to the book by S. R. Rao
[41, p 2401.

The statistical method to a known degree levels some of the individual peculiari-
ties of the prototype ships which sometimes it is expedient to consider. In

this case the method of joint use of statistical data and a specific prototype
can be proposed. The idea of this method [29] .consists in the fact that the
regression line is drawn through some point Xg, the coordinates of which
correspond to the characteristics of the prototype. For the linear regression
model the estimate 0 of the regression parameters is found, solving the problem
of quadratic programming
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N
min 3 (4 — X)),

pogy (2.73)
o == Yo,

where yg is the value of y corresponding to the vector Xj.:
The problem (2.73) can be solved by the method of undefined Lagrange factors [29].

As an illustration let us consider the use of regression analysis for establish=
ment of the dependence of the specific mass (qpy) of the pressure hull of
submarines on the parameter H/O‘T. If the strength conditions are defining and
not the stability, then the.value of qpy can be determined by the approximate

, formula (2.57). For the fixed characteristics of the PH material (with the
exception of the yield point o) the function (2.57) can be represented in the
form

H
= 4nx="o+91 psr ’

- where p is the density of water; g 1s the gravitational acceleration;
% and %, are the coefficients which depend on the specific mass of the material
and the structural peculiarities of the PH,

We shall consider that the units of measure of the values of H, o, p and g are
selected so that the parameter ng/o will be dimensionless. Then the values of
% and ¢, will have units identinal with qpy (t/m3, kg/m3). The numerieal
values of the coefficients %, and %, will be found by statistical means based.

on the data on prototype submarines with similar structural designs of the
pressure hull.

Let us assume that the following information is available with respect to five
prototypes (the numbers are selected arbitrarily):

1 2 3 4 5

pgH/o 0.004  0.006 0.008 0.010 0.015
T

qp» t/m3 0.08 0.10 0.17  0.25  0.32

Hereafter, for simplification of the notation the value of Ip will be designated
when necessary by y, and ng/oT, by x. Generally speaking, t e value of pgH/oT
should be denoted by xj, the variable xp=1 should be introduced and the
expression presented for qpy in the form y = “Boxy + B,x,.  With this notation the
vectors Xj, i=1, ..., 5, characterizing the values of xg and X from the proto-
types, will be two-dimensional. The first components of these vectors are equal
to one. The following calculations can be performed by the formulas and func-
tions previously presented in vector form. However, in.the investigated simplest
case where only one variable x; is significant, the calculations.-can be performed
by simpler formulas written in scalar form [48].

From the system of equations of the type (2.66) which in the given. case consists
of two equations, it 1s easy to find the estimates for the parameters

ﬁn and-@l and . ﬁ =0 00() T/Ms& ﬁ —_ 22 4 T/Ms
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The equation of the approximate regression line will have the foérm
$(x)=0.002+22,4x or qPH=22.4%§§+0.002, where qpy is the point statistical estimate

for the mathematical expectation of the value of qpy for different values of
pgH/op. By formula (2.69) in which it is necegsary to set N=5 and n=2, we find
the estimate for the mean square deviation of qpy from its true mathematical
expectation

1

ot = 7 X (4 — 22,4x, — 0,002)? = 8,04-107.

5
==

LA

The confidence intervals for aPH (under the assumption of normalness of the
distribution law qpy for each fixed pgh/or) are defined by the expression [48]

ta NE(x— ;)z

- A(_x):—-'—_’ra /l+———-——"—-r"
y VN " Nﬁ,g_(f;xl>
jaml ==l :

5
- 1 .
where * = '3',2;"’:""0'008 6is the mean value of the parameter pgH/op for the

prototypes used.

In the investigated example with 90% confidence probability the expression for
the confidence intervals will assume the form

(22,4x + 0,002) = 0,029 8 T+ 7,10-10* (x — 0,008 6)".

The approximate regression line and also the confidence intervals for qpy are
shown in Figure 2.14 (the lines for the upper and lower bounds of the confidence
intervals are depicted by a dotted line). In the figure the expansion of the
confidence intervals on going away from the mean value of pgH/op equal to 0.0086
is quite noticeable. In particular, the confidence intervals very quickly
increase during extrapolation of the regression function obtained to values of
ng/cT exceeding the value of the fifth prototype. In addition, it is obvious
that the values of qpg for the second and fourth prototypes lie in practice on
the boundary of the confidence interval corresponding to a sufficiently high (90%)
confidence probability. This serves as the basis for more careful investigation
of the indicated prototypes for the presence in them of certain structural
differences or peculiarities not permitting consideration of the second and fourth
prototypes similar to the rest.

1f differences are detected which are of a regular nature and at the same time
permit consideration of them in the specifically solved problem of ship design

as a whole, the second and fourth prototypes are excluded from investigation, and
after using additional statistical material, the regression relations are
constructed for qpy as a function ofung/oT for hulls similar to the second and
fourth prototypes, each individually. Here the confidence intervals decrease.
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Figure 2.14. Regression dependence of Qpy on the parameter ng/oT
Key:
1. qpp» t/m3

It is necessary, however, to consider that the extraordinary detail and the
splitting of the individual factors and calculated relations can have a negative
effect from the point of view of accuracy of determining the TTC of the ship.
This especially pertains to future design which is of a prediction nature when
the investigation and quite rigid fixing of a number of the design solutions are
impossible. 1In this case the use of less-rigid functions can give a more
accurate result in the probability sense.

Completing this brief survey of the use of statistical methods for analytical
design of the ships, it is necessary te warn the reader against overestimation

of their role and significance. First, the statistical methods, just as similarity
methods, are only a tool (although a quite effective tool) for using the prototype
data; therefore it is necessary to remember all of the deficiencies, and sometimes
the inadequacies of this approach when designing.ships with new engineering solu-
tions. Secondly, very frequently studies are encountered in which a detailed
analysis is made of the accuracy (the confidence intervals are estimated by the
Student number) and adequacy (screening out the insignificant factors by the
Fisher number) of the statistical relations and mathematical models used, at the
same time as the basis for such an analysis itself frequently is absent or
insufficiently well founded.

As is known, the basis for solving the above-indicated problems is knowing the
provisional distribution laws of the investigated random variable (or system of
such variables) for different values of the defining factors. Unfortunately, the
solution of the latter problem and problems connected with ship design very fre-
quently is impossible as a result of limited volume of statistical material.
Therefore the estimation of the accuracy and adequacy of the relations and models
used usually is preceded by the phrase that from the "general arguments” it is
possible to assume normalness of - the provisional distribution laws of the
investigated variables, and this, in turn, gives the right to apply the Student
and Fisher criteria. Here not only certain quantitative data pertaining to the
above-indicated general arguments, but also sufficiently convincing qualitative
arguments with respect to this question fail to be presented. This situation
resembles building a house on sand.
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The above-presented remarks were made not to discredit the statistical methods,
but only for the proper understanding of their role amnd possibilities.

In conclusion, the author considers it necessary to mention that the methods of
solving the problems connected with' the technical development- of a designed ship
investigated in Chapter 2 were also used before the occurrence of analytical
design as an independent design step. In the given book these methods, as the
most characteristic for AD, are isolated from the general set of ship design
methods and procedures. It is necessary to note that in addition to
determining displacement and principal dimensions of the ship which was
basically discussed in Chapter 2, During technical development of the ship it is
necessary to define its other characteristics. In Appendix 3 a number of rela-
tions are introduced in the initial design stages. The general procedural
approach here remains as before, that is, the methods of similarity and statistics
are used in combination with approximate methods and models of special sciences
(ship theory, construction mechanics, the theory of acoustic, electromechanical
and other physical fields of the ship, and so on).
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CHAPTER 3. METHODS OF ESTIMATING THE EFFECTIVENESS OF SHIPS

Combat operations in the sea are characterized by exceptional variety, in particu-
lar, with respect to nature and type of operations (control of the groupings of
surface ships, operations against shore targets, submarine-chasing operations,

and landing operations); with respect to the forces participating in these opera-
tions (joint operations of submarines, surface ships and aviation in various
combinations) and the combat means used (missiles, torpedoes, mines, bombs,
artillery shells and so on).

It does not appear possible to give a sufficiently complete and detailed descrip-
tion of the methods of estimating effectiveness for the entire variety of types
and classes of ships and methods of their operations within the scope of this book.
Therefore in the given chapter the methods of estimating effectiveness will be
investigated as examples only for certain special cases of combat operations. The
corresponding mathematical models of estimating the effectiveness are not, generally
speaking, models that explicitly contain TTE and TDP, inasmuch as the creation of
such models requires detalled specification of the class and type of ships, the
combat means, the conditions of solving the problem, and so on. However, the
examples presented below, in the opinion of the author, permit us to obtain an idea
- "about the methods used when constructing mathematical models of combat operations
in the stage of AD of ships., A description will be presented of the mathematical
models of two levels: a simplified model of the combat operations of ships on two
sides in the marine theater (§3.3) and the model of combat between single ships on
two sides (§3.4). These models give an idea of the simulation of the basic steps
of the combat operations: transfer, search and, finally, combat, which is the
crowning step and the most complex step of the combat operatioms.

In §3.5 the mathematical model of combat operations of ships investigating a given
part of the sea (for example, in the interests of a new type of reconnaissance)
under conditions of counteraction by the enemy is described. Consideration of

the counteraction is demonstrated by determining the required fleet of ships.

The actual models of estimation of effectiveness of ships are various interrelated

combinations of partial models for different steps of combat operations. In §3.3-
3.5, some of the examples of such partial .and more general models are discussed.
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§3.1. Basic Concepts. General View of the Effectiveness Indexes

Ships are built for carrying out defined migsions. These missions are carried out
during the process of performing operations™ by which in the most general case
we mean any purposeful acts.

The degree of correspondence of the results of the operations to the stated geals
is called the effectiveness [12].- Inasmuch as the course of an operation and,
consequently, its results, depend, in particular, on the characteristics of the
ship (or ships) performing the operation, the effectiveness of the operation
characterizes the effectiveness of the ship. Quantitative measures of the
correspondence of the results of an operation to the stated gcals are called
effectiveness indexes [12].

Hereafter, we shall make use of the above-presented and generally adopted concepts
of effectiveness, understanding that we are talking about the degree of achievement
of the stated goals with no consideration of the magnitude of the resources
expended for this.?

The general means of constructing effectiveness indexes consists in the following.

A parameter n is selected which quantitatively characterizes the outcome of an
operation. For combat operations, for example, this parameter can be the losses
imposed by the enemy or the prevented losses to one's own forces, the time
characteristics of the operation, the characteristics indirectly comnected with

the losses (the number of missiles launched, aircraft that took off, delivered
loads, and so on). For transport ships, frequently the so-called carrying capacity
is taken as the parameter n [1l, 3], which is the product of the amount of trans-
ported load, the speed of transporting it and the time during which the ship is
directly involved with transporting the load.

When selecting the parameter n it is necessary that its values actually character-
jize the outcome of the operation from the point of view of the stated goal. Morse
and Kimbell present [31] an example where the number of ememy aircraft knocked
down was incorrectly selected as the parameter n for estimating the effectiveness
of the antiaircraft weapons on the transport convoys, at the same as the purpose

of installing the weapons consisted in increasing the invulnerability of the trans-
ports. In the former case the antiaircraft weapons produced no effect, and in the

lIn this chapter no distinction is made between marine operations and systematic
combat operations inasmuch as from the point of view of quantitative methods of
estimating the effectiveness of ships this has no theoretical significance.

2A, A, Narusbayev proposed [34] that the térm "useful effect” be used in- the
technical-economic studies, and that the military-economic or effectiveness-
reserve .meaning be included in the concept of effectiveness, designating the
relation between the useful effect and.the expenditures of resources on obtaining
it as the effectiveness of the solution.- - This. concept of effectiveness can be
called military-economic effectiveness or effectiveness—reserve quality.
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On the basis of the random nature of the proecess of performance of the operations
the parameter n is also random. As is known, the most complete characteristic

of a random variable is its distribution function. Let us denote the distribution
function of the variable n by F(y), where y are the values assumed by n. The
parameter n is a function of the TTE and the number of ships .performing the opera-
tions (the qualitative and quantitative composition of the active. forces) There-
fore we shall consider the distribution functions of the type f'(jjX,-#) whic

depend on. #--- the number of active ships, the so-called fleet of ships, and the
vector X, that is, the set of TTE of the ships.

If the operations of dissimilar or mixed-type ships are - considered then the
distribution functions of the type:. 'F(yX, ..., Xs &, ... A’} must be taken into
account, where A’ ., is the number of operating ships of the i-th type, Xi are the
TTE of the i-th type ship.

Let us denote by & the set of all possible distribution functions F(y). The
problem of constructing the effectiveness index reduces to establishing some order
of preference in the set # , that is, the congtruction in this set of the
functional 3 (F) having the property 3 (F,)» 3 (F.) when and only when the distribu-
tion function Fy is preferable to or equivalent to the function Fou

Generally speaking, the functional 3 (f)can also be constructed from the condition
3 (F) < 3 (Fy where Fy is preferable to or equivalent to F,. Everything depends
on the specific meaning of the parameter n. For example, it is desirable to
maximize the loss imposed on the enemy, that is, for comstruction of 3 (F) it is
necessary to use the first condition, and the problem solution time must be mini-
mized, and the second condition used in this case.

Hereafter we shall use the notation Fl,tF“ where Fj is preferable to or equivalent
to Fy; Fy & Fs,  where Fp is strlctly preferable to Fy3 Fp~Fy where F; is
equivalent to Fj.

For the preference ratio for § the following properties are assumed to be valid:

1. For any F, € Z? and F, € 8 or F,'¢ Fs or F, -~ F.r If both relations
are valid, _then E1.Fj.

2. I1f Fy = F, and F &= F;, then Fy % Fa This property is called transitiveness.

3. The equivalence ratio is reflexiveé, symetric and transitive, that is,
F~F; if F1~F2, then F2~Fl; if F1-Fy and FZ‘“F3, then F1~F3.

Assuming that in the set % there is a limited functional 3 (F) having the properties:
(Z MF> Z A3 (F) for any series of numbers A 30,

Z bh=1 " and 3 (F) > I (F)  when and only when Fi&F,, it is possible to
show [6] that 3 (F) has the form

3 (F)=[uldF ©)- (3.1)

v
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In expression’ (3.1) the function u(y) is defined as a value of the functional
"9 (F) for the distribution function Fgy according to which the probability of the
- value ¥ of the variable n is equal to one, and the probability of the remaining
- values, zero, that is, P{n=y}=1, P{n#y}=0. Thus,

u(g) = 3 (Fsy). (3.2)

The function u(y) sometimes called [64] the utility function, gives the preference
ratio in the set of nonrandom outcomes of the value of n. In accordance with the
expression (3.1) the functional 3 (F) 1is the mathematical expectation of the
utility function with respect to the probability distribution F(y). For determina-
tion of the specific form of 3 (F) the function u(y) and F(y) must be given.

Let us consider the conditions of existence of the integral in the expression (3.1)
following from the properties of the Stiltjes integral. For the existence of the
integral (3.1), as is known [60], monotonicity and limited nature of the function
F(y) and continuity of the limited nature of the function u(y) are sufficient.
Monotonicity - and limitedness are the basic properties of any distribution function

- and, consequently, the first part of the above-indicated conditions is always
satisfied.

The function u(y) in the general case cannot be continuous. However, in cases
encomntered in practice it has only a finite number of first type discontinuities.
In view of the fact that such functions are approximated as exactly as one might
like “y continuous functions, the basic sufficient condition of existence of the
integral (3.1) is limitedness of u(y). This condition is not necessary, for the
integral (3.1) in special cases can exist also for unlimited functions u(y). In
many practical problems the limitedness of u(y) is a corollary of the "saturation
effect" where achievement of the additional results of an operation becomes
inconceivable, for example, on the bas is of the physical limitedness of the total
volume of the solved problem (insurance of the number of destroyed targets exceed-
ing the total number, does not lead to an increase in effect, and so on).

From the point of view of estimating the effectiveness of ships, it is of interest
to consider the distribution functions of the type F (W/X, A} or F(y/X, ...,

X4 Ny, ooon A4). Here, in accordance with expression (3.1) we have
I(F) =3 (X, £)=[u@)dF WX, #), (3.3)
. v
IF)=3(Xy, ey Xpy N, ooy, K=
= [u@dF@iXy, oo Xis Hy oo, K. (3.4)

Y

Hence, it is obvious that the functional 3 (F) defines the corresponding preference
ratio in the set of pogsible values of the TTE of the ships (vectors X) and
their fleet numbers (N) simultaneously with the preference ratio in the set§ .

If we return to the general definition of the concept of the effectiveness index
given at the beginning of the section, then it is possible to consider the
function u(y) as a quantitative characteristic of the goals set-for the operation,
and the functions F(y'X, &) or FyX, ... Xpo Fa. ..., ), as the quantita-
tive characteristics of the achieved results.
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Let us note that the general expressions (3.2) and (3.4) are also valid when the
parameter n defining the outcome of the op .ration is not a random variable, but
deterministic. In this case in expressions (3.3) and (3.4) it is necessary to
use the distribution function for the deterministic variable considered as a
special form of random variable. When investigating the uniform detail of forces
the distribution function will have the form

| 0 for y<Ty*(X, .N),
F(yiX, JY’)={ 1 for y> y*(X, ),

where y*(X, #°)1s the deterministic value of n under the condition that A ships
with TTE characterized by the vector X are in operation,

In accordance with the expression (3‘.3), the effectiveness index will be defined
by the expression 3 (X, &) = u (y*(X, 4N

) ) d
uu(y) b )u [ Cu)(y ) r)v)
! —

§
]
!
o
Yo

Figure 3.1. OSome typical utility functiocns

Let us consider some special cases of effectiveness indexes following from the
general form. Here let us limit ourselves only to a uniform fleet, since for a
dissimilar fleet the corresponding expressions are obtained analogously.

1. Let u(y)=y for ally, that is, u(y) be a linear function (Figure 3.1, a) for
which the effect of the operation increases uniformly as the achieved value of n
increases. From expression (3.3) it follows that

(X, H) = jde(y/x, H)=Ey (X, £), (3.5)
Y
whore En(X, #) is the mathematical expectation of the value of n with the dis-
tribution function £ X, £).

Thus, the effectiveness index ic the mathematical expectation of the random
variable n -- the paramet:r determining the outcome of the operation.

Inasmuch as for y»e the linear function u(y) is not valid, for this utility func-
tion the effectiveness index in the form of (3.3) does not always exist, For

example, for the random variables distributed by Pascal's law there is no
mathematical expectation.
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2. Let u(y) have the form of a Hewiside unit function or step function (Figure
3.1, b). Then

o for y<Yo
u(y)r—-‘ 1 for 4> Yo

where y is a given value.

- For this function u(y) for solution of the stated problem.it is necessary to
insure that the value of n no less than yg is achieved (exceeding this valie dees
not give an additional effect). Substituting the expression for u(y) in (3.3),
we obtain
3(X, M= [ dF@X, £)=P{n>pX, N
U=V (3.6)

Consequently, here the effectiveness index will be the probability of the event
n3yg, and the value of P{nzyo} is the probability of solving the stated problem.

- Let us note that the two indicated cases were investigated by A. N. Kolmogorov
[23], and at the present time they are the most frequently used in practical
research.

3. Let the function u(y) have the form shown in Figure 3.1, c. The analytical
expression for this fumction called the linear function with saturation will be

. 0 for y<0,
u(y) =1 ylyp for 0<y <y,
1 for y>y,,

where y, is the value of y for which "saturation" occurs.

Substituting this expression in (3.3), we obtain
Y L

X, )= L [yaF @, M+ [dF WX, 4=
L Vo (3.7)

o
CETE N p iy <y X, HP (> X K,

Key: 1. provisional “
1

where EXN(X, #)= F(go X, /) j ydF yiX, £) is the provisional mathematical
expectation of the value of n under the condition n<yg;

Pin<y/ X, A} =F (!X, &),
Pinz y/X, K} =1—F(y!X, X).
Thus, in the investigated case the effectiveness index cannot be interpreted so
simply as occurred for the linear and step utility functioms.
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4. The function u(y) shown in Figure 3.1, d will be called a linear function
with saturation and delay of growth. For this function the presence of the
minimum required level yg to which the effect of the operation is equal to zero,
and the level y; after which "saturatien" occurs, is characteristic. On variation
of y from yg to yy the effect increases according to a linear law from zero to
one.

The analytical expression for u(y) in this case has the form

0 for y<lyo
Y —Yn £ <yl
hw—y, for S <Y<y

1 for y>uy.

u (y) =

After substitution of this expression in (3.3) we find

) EXN(X, H) —y, -
3(X, ~'Y’)=J——5,'1_—%‘-0—P‘yo<ﬂ<yu'xy A+ (3.8

. +Pin> g/ X, £},
. v ’

Ay - iF (i .
where EY"(X, #)= FadX, D =F X, ) ) ydf (y: X, A°) is the provisional
mathematical expectation of the value of n under the condition Yo<n<y1s

Plyo< n<CydX, Xy =FyiX, &) —F g/ X, X),
Pins yiX, Fl=1-F@y/X, #).

The investigated special cases of the form of the utility functions ard the
corresponding effectiveness indexes do not exist their possible variety, but they
represent the most typical ones. In particular, the use of the step utility func-
tions is characteristic when solving problers of combat with nuclear missile
carriers, and the use of linear functions, Zor systematic operations against
shipping and shore facilities, finally, linear functions with saturation (including
with growth delay), for operations against convoys. Thus, in an operation of
stopping a nuclear strike by a carrier striking group (CSG) the problem will be
solved only on destruction of the striking aircraft carrier. Here the parameter y
is the number of destroyed aircraft carriers with step utility function

B 0 for y<I,
u(y) 1 for y}l

The effectiveness index will be the probability of destruction of an aircraft
carrier from the CSG, respectively.

There are certain types of combat operations for which the above-indicated

- sharp boundary- characterizing the condition of solution of the stated problemn,
does not exist, or establishment of it is difficult. This situation occurs,
for example, for systematic combat operatioms of submarines with respect to the
destruction of the marine commmications of the enemy. Here it is possible to
take the number of destroyed enemy ships as the parameter y. If in this case
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the total number of ships is quite large, then the utility function usually can
be considered linear. The effectiveness index in this case will be the mathemat-
ical expectation of the number of destroyed ships.

When investigating the operations with respect teo destroying convoys which do not
have especially important strategic significance, the utility function frequently
has linear form with saturation. In the given case the value of y; corresponds
to the number of destroyed ships for which the convoy ceases to exist as an
integral combat unit. Here a delay in the growth of the utility function
characterizing the minimum loss beginning with which the effect of the strike on
the convoy is manifested, can be observed.,

Inasmuch as the effectiveness index is a decreasing function of the fleet number A
during operations of the uniform fleet as an indirect index of effectiveness it

is possible to use the fleet solving the problem with given effectiveness. The
size of this fleet, which is a function of the vector X, that is, the vector of
the TTE of the ships, can be found from the equation “3ﬁ§x;§ﬁy§i§g<

where 9, is the given value of the effectiveness index. o

It is also obvious that the fleet number A 4X) depends on the value of Aon:
that is, we have the function 4 (X, 9. o

General requirements exist which must be satisfied by the effectiveness indexes

in addition to the requirements of being a quantitative measure of the correspond—~
ence of the operation results to the stated goals. The basic ones of these
requirements are the following [12, 19]: criticalness with respect to the
investigated characteristics and parameters of the active forces and means and

also the methods of using them; calculatability and, insofar as possible, simplicity
and descriptiveness; the completeness of consideration of the factors signifi-
cantly influencing the outcome of the operation.

As applied to the problems of estimating the effectiveness of ships in the AD
stage, all three of the above-indicated requirements are highly significant.

Here special attention must be given to the criticalness of the effectiveness
indexes with respect to the TTE and the TDP of the ship, for only in this case is
subsequent optimization of these characteristics possible.

§3.2. Calculation of Effectiveness Indexes

In accordance with the general expressions (3.3) and (3.4), the specific form of
the effectiveness index is determined by giving the utility function u(y) and
the distribution functions F (y/X, ) or F(y/Xy - Xar Hu 1K) The specific
form of the utility function that quantitatively characterizes the goals set for
the operation can theoretically be obtained, considering the operation of
hierarchical level. However, this problem is very complicated. In practice the
form of the utility function is given from the genmeral arguments or it is
determined by the method of expert estimates. In the problems connected with
optimization frequently solutions are found which correspond to several given
utility functions. If the optimal solutions for the different utility functions
differ from each other, the method of generating the solutions are usad which
take into account several effectiveness indexes and under indeterminacy conditions
(see Chapter 5).
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The basic and most labor-consuming problem when calculating the effectiveness
indexes 1s the development and execution of the algorithm permitting calculatior
of the parameters of the distribution functions £7/X, #) or
FiylXa coor Xpo N1y s A, , and in the general case permitting these functions
themselves to be found. This problem is solved by developing a mathematical model
of the corresponding operatién and functioning of the ships in this operation.
The development of the mathematical model is preceded by a meaningful description
of the conditions of performing the operation, the active forces, the methods of
= their action, and so on. When estimating the combat effectiveness for ships this
description is called the operative-tactical mcdel, and for civilian ships, the
use model.

When developing the operative-tactical model, the operation is usually divided
into a number of phases, for example, the transition to the combat operations zone,
finding the target and destroying them in the combat operat.ons zone, transfer
from the combat operations zone to the base after-the sea enacrance has expired or
the combat supplies on hand have been exhausted, and location of the ship in
base preparing for the next voyage. The operative-tactical model usually is
represented graphically on maps and diagrams, for which special notation is used
for the active forces and means and also nature of their operations (search,

combat engagement, and so on).

For AD, that is, for the early stages of substantiating the TTE of ships, the use
of the so-called typical operative-tactical models which are constructed on the
basis of generalizing the various versions of the conditions of performing the
operations is characteristic. (A number of secondary factors are not considered.)

The most universal method of mathematical simulation of an operation to calculate
the effectiveness indexes is computer-aided statistical simulation [11]. Here
random events and processes describing the course of the operation are realized.
However, this approach usually requires significant time, especially when it is
necessary to investigate a large number of versions of active forces and conditions
of performing operations. Therefore when investigating the effectiveness of the

AD stage it is necessary to make a number of assumptions and simplifications
permitting description of the process of performing the operations by analytical
models. TIn this case the statistical simulation can be used in a limited volume

to simulate special situations.

In addition to the subdivision of the mathematical models of evaluation of effective—
ness from the computational point of view into statistical, analytical and combined,
they are distinguished with respect to degree of completeness of consideration of

the random factors. Three classes of models are isolated by this attribute:

regular, quasiregular and random (stochastic).

In purely regular models the outcomes of all events and time characteristics for
all the processes are considered strictly deterministic. For example in a regular
model of the functioning of a transport ship, the latter arrives in ports and
leaves them at strictly fixed points in time, it takes a strictly defined amount
of cargo on board, although some ports do not have this amount of cargo; the
duration of the trip can fluctuate randomly depending on the external and internal
causes with respect to the ship, and so on. The regular models in pure form are
used very ratr:ly as a result of inadequacy with respeet to actual conditioms,
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and in general, the processes of the functioning of complex objects such as
ships.

Tn the random (stochastic) models, in contrast to regular models, all of the
characteristics. of random events and processes accompanying the functioning of
the ship during the operation are taken into account. Theoretically such models
are the most adequate. In the simplest versions the stochastic model-can be
constructed on the basis of a system of random events, but, as a rule, it is
necdssary to consider random time processes characterizing the functioning of the
ship. Here the theory of Markov processes is widely used as an analytical
apparatus [5, 55], the basic property of which is dependence of the behavior in
the future only on the current (present) state of the process and independence of
the future behavior with respect to history. Although these conditions frequently
are not strictly satisfied, Markov models in many cases are acceptable for
estimating the effectiveness of ships in their design stage.

The purely random models unfortunately, as a rule, turm out to be extraordinarily
awkward for the description of the functioning of complex objects (as a result of
the large number of possible versions of outcomes of random events and the
occurrence of the corresponding random processes). Therefore quasiregular models
are used” where it is assumed that in each step of the process it is not the random
outcome, but the mean expected outcome or result that is realized. The quasi-
regular models are less adequate than the random models, but they are less awkward.

Let, for example, a series of combat engagements (duels) with the enemy be con-
sidered where in each engagement the ship expends a random amount of the combat
supplies on hand. If the condition of the ship is characterized by the number of
duels it has been engaged in and the quantity of combat supplies left on hand, then
in the random model it is necessary to consider all possible states-of the ship with
respect to the indicated parameters. In the quasiregular model it is considered
that in each duel, a deterministic quantity of combat supplies on hand is

expended equal to the expected mean expenditure of these supplies in one duel
instead of a random quantity. Here, the number of possible states of the ship

is reduced significantly.

Let us consider the example of const}ucting the mathematical model of estimating
effectiveness on the basls of a system of random events.

Let a ship be designed for the performance of some single mission which is per-
formed with the possibility pj(X) which depends on its TTE (the vector X). Let:
us assume that the ships of uniform composition act independently of each other,
and the parameter n defining the outcome of their actions is the random number of
ships carrying out the mission.

As follows from probability theory, for the assumptions made above, the value of n
is distributed with respect to a binomial law; therefore, the distribution
function F (y/X, ) in the given case will have the form

83

TOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300080052-3



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300080052-3

FOR OFFICIAL USE ONLY

_ ‘ ‘ 0 for "y <0,
: @ ‘ -
FyiX.H) = iﬁ%ﬂMU—me*&rﬁ<y<W'
s © for y> A,

where C‘jf’ is the number of combinations of A with respect to k; [y] is the -
integral part of the number y; 4° is the number of operating ships (the fleet).

With a sufficiently large A’ the distribution n approaches the normal distribution,
that is, the following approximate equality occurs

'

1 =M X, M (3.9)
F(y,/X,JY’)m—-——————Vﬁa(X' o jexp{ ST Tr e e jdz,

where
M(X, X)=p, (X) ¥} o*(X, £)=p (X}l —p ()] F.

For large.N’ the expression (3.9) defines the distribution function F (#/X, &)
entering into the general expression (3.3) for the effectiveness index. After
giving the utility function u(y) it is possible to find a specific expression for
the effectiveness index. For example, 1f u(y) is linear, then 3 (X, &)= p(X) X.
In the case of the step function u(y) for Y < .#

i » -k
= 3 Chpt (X1 — (X
3 (X' A) ﬂ§#| -

When using the asymptotic representation of (3.9) we correspondingly obtain (fox
the step utility function)

Yo
1 ([z=MX X))
- 3 (X, ./Y’)=1.—-m _“exP*l 2% (X, ) }dz'

For final expansion of the above-presented expressions it is necessary to have the
specific function p(X), which can be done when specifying the essence of the
mission carried out by the ship. Let us assume that the problem solved by each
ship consists in detection of a stationary target in a given time T in a vicinity
of the sea of area Q. If we assume that the search processes Poisson [19], the
probability pj(X) of target detection by each ship will be deéfined by the formula
p1(X)=1-e~YT where y=2dv/Q is the search intensity; v is the speed of the ship
during search; d is the range of deteccion of the target by the ship. For
detection means in which d does not denote v, it is expedient to take the search
speed equal to the maximum possible speed of the ship [if there are no other
arguments, for example, economic arguments, except.the desired to maximize
p,(X)]. 1If d depends on v, as occurs for sonar equipment, then the speed of the
st1iip during the search must be selected from the conditidns-max pl(X) or

v
m%x[d(v)v], where d(v) is the dependence of d on v.
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Thus, the probability p.(X) .depends on the maximum speed of the ship (this is

a continuously variable component of the vector X. Here it is assumed that for
each search means there is a defined function -d(v) which can be considered as a
discretely variable component of the vector X.

In the most general case where the wave action of the sea can have an influence
on the speed of the ship during search, the probability pq(X) will depend on the
displacement and the principal dimensions of the ship (these are the components
of the vector Y). The time T and the search area Q@ in the given case are
external tactical parameters.

In the above-presented example, the number of ships operating directly in the
combat zone was taken as X . This fleet is called the polygon fleet (JPQ-

For systematic combat operations, the full fleet which takes imto account the
necessity for part of the ships to be in the bases (for repair, preventive tech-
nical maintenance, taking on supplies) and also en route to the combat zone and
back, has important significance. For consideration of the above-indicated
factors, twc coefficients are introduced.

The operative use coefficient (KOI) -- the ratio of the time the ship spends in
the combat zone to the total time at sea and at the base.

If R is the distance of the combat zone from the base, A is the sea endurance of
the ship (the time at sea), Virang is the speed for the ship in transit to the
combat zone and back, Tyy ig the time between voyages, that is, the time the ship
spends in base between successive voyages, then the operative use coefficient
ko, 1s defined by the expression

A_(1- 2R for- ;—i%;«.

A+Tun f/nepa4 (3.10)
= 2 2R
(10)“ 0 ( ) for ?rl_zp—A > 1.
Key: 1. ou
2, trans
(1) Tun (e (3) Tsa - (4) Taen
ﬂmam?d o t
. |Hazonctone BES uinm| | Hazanedenue Mepexod
1 base i‘gl; ”%“,',3"‘{‘6 8 amom padowe(7y | 8 daay (8

Figure 3.2. Time graph of the use of a ship between successive voyages
Key:

1. between voyages; 2. in transit to the combat zome and back;

3, time in the combat zone; 4. . transit time; 5. in base; 6. transit

to the combat zone; 7. in the combat zone; 8. transit to base
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Formula (3.10) for ZR/vtransA<1 follows from the transformation

kow = 7 = =
o ~+2Tpep + Tun A+Tun A+ Tun
W 3 B W,

(3)

Ten A — 2Tqep A (1 _ 2Tnep)
A

o ( ___2R
T A+ Tun UnepA ’
Key: 1. ou; 2. trans; 3. combat; 4. between

where Ty ang» Tcombat are the times spend in tramsit to the combat operatioms
zone (or back) and the time spent in the combat zone.

The time graph (Figure 3.2) characterizes the use cycle of the ship between
successive voyages considering one intervoyage period.

The ratio A/(A+Ty iveen)s that is, the ratio of the time the ship spends at sea
to the total time at sea and at the base is called the operative stress
coefficient (0SC).l From formula (3.10) we have the relation between the OUC
[operative use coefficient] and the OSC [operative stress coefficient]:

2R ... 2R -
) bou (1 = 5t) £087 g < I
- Roy = (2) i 2R
@) 0 gor’ TrepA > L

Key: 1. ou; 2. trans
It is obvious that the values of k,, and kos can vary from zero to one.

For the known values of kg, and the polygon fleet A’ the total fleet K is
defined by the formula

oo fo " ‘ (3.11)
*= Ty

Key: 1. ou

The values of OUC and 0SC can be given a probability interpretation on the basis
of the mathematical description of the process of functioning of the ship by a
Markov random process.

Let us assume that during the process of functioning of a ship it can be in the
following states (Figure 3.3): 1 -=- in the combat operations zone; 2 -- in base
between voyages; 3 —- in transit from the base to the combat zone; 4 —- in
transit from the combat zone to the base. Let us also assume that the transition

lthe time the ship spends at sea is made up of the time it is in the combat zone
and the time spent in transit to the combat zone and back to base.
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of the ship from state to state depends on a number of random factors. The
time the ship is imn each-of the states is subject to exponential laws

- Fi(t)=l-e-@3t, i=1,2,3,4, where Fi(t) are the corresponding distribution
functions of the time the ship spends in each of the states;

01=1/Tcombats %2=1/Thetween: “3=~°‘4=1/ Terans*

Figure 3.3. Graph of the process of the functioning of a ship
during systematic operations considering the periods between
voyages

In Markov process theory the values of oy are called the intensities of
transitions of the system from state to state. For visual representation of the
state of the system, the possible transitions and intensities of the transitions
are depicted using an oriented graph [36], which in the investigated case has
the form shown in Figure 3.3.

From the theory of Markov random processes it follows that for a sufficiently
large operating time of the system required by the graph in Figure 3.3, the
probabilitiés - that the system will be in each of the states assume steady-state
values which do not depend on the initial state of the system, that is, its
state at the beginning of operations. These probabilities P, i=1, 2, 3, 4,
satisfy the system of linear algebraic equations (it is considered that in the
investigated case a3=oy):

—a; Py + 2Py =0,

—a, P, + agPy =0,

a,P, — agPy =0,

a,P; —agPy =0,

P,+P,+ P+ P=1.

Solving tlis system of equations, we find

P I _ Tox -
1T Qg oy To;( + 2Tnep + Tun on?
2 te
- 14-2& Ton + 2T
_ [N _ 6a nep —
P+ Pyt Py= @, % Ten+2Tnept Tun %
1422t 2t
s Qg
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Thus, the OUC and the OSC can be interpreted as the probabilities that the ship
will be in the corresponding states for the steady-state operating mode.

Formula (3.11) also obtains the corresponding interpretation. It defines the

mean value of the total fleet as a function of the fixed polygon fleet. Here the
individual ships operate independently of each other in accordance with the graph
in Figure 3.3, and each of them is in the combat zone with a probability of

kou at an arbitrarily selected point in time (the time of solution of the problem).

It must be noted that-the above-presented system of combat operations or use of
the ship (Figure 3.2), although it is the most typical, is not the only one. For
example, a harbor fire-fighter or rescue tug solves the stated problem by being
in base ready to go out on a mission. In this case the values of kyy and kog
coincide, inasmuch as R0, and it is necessary to take the time during which the
ship is ready to solve the problem as A.

The characteristics not only of the ship (sea endurance, reliability, and so om),

-2 but also the base service and support means Influence the value of 0SC. The value
of the latter factor is so important that in a number of cases analytical design
is performed not for an isolated ship, but a system of ships -- a set of base
support means . 2

The engineering characteristics of the ships and the base support system
determine the maximum possible value of 0SC which sometimes is called the techni-
cal use coefficient of the ship (kyy).

In the general expression for the effectiveness index 3 (X, /&) the total fleet
must be taken as the argument A . Therefore the model used to define the dis-
tribution function F (¥'X, &) must take fnto account the functioning of the base
service system. Let us consider an illustrative example of a model of estimating
the effectiveness of a ship considering the effectiveness of the functioning of
the base service system, For simplicity of notation the argument X in th
corresponding distribution functions and their parameters will be omitted.

Let us assume that the following basic assumptions are valid:

a) During peace time ships are systematically at sea to carry out a defined com~
bat mission with the beginning of war. If there are T ships in the combat use

lGenerally, ko ~kog for all ships which solve their problem directly on going
to sea.

275 addition to the engineering characteristics of the ship and the base support
system, the value of 0SC also depends on the arguments on the operative and
economic levels. For example, considering the arguments of economy of reserves

(in the sense of reliability) during defined peri.ds of peace time the ships can
be used at less than maximum possible stress.
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zones, then the random parameter n defining the outcome of the operation can
be represented’in the form of the sum

where ny, i=l, ..., ¢ are independent fandom variables defining the results of
the operations of each of the ships;

b) The value of 7 is a discrete random variable which assumes A values

z=1, .., KN . The probabilities corresponding to these values will be denoted
by p,=P{z=2}, z=1, ..., ¥ . The probabilities p, characterize the distribution
of the number of ships which at the beginning of the war turn out to be in the
appropriate combat zones. Consequently, the probabilities p, take into account
the effectiveness of the base support system;

, ¢) All the values of ny, i=l, ..., 7 have the same distribution function Fl(y/z)
which can depend on z, that is, the value assumed by the variable C.

The distribution function of interest to us ;F(y/./i") of the value of n
is defined by the general expression [55]

» ) (3.12)
F) = p.F* W)
where F*(ylz) = Fa(yiz)» - - - » F1(yl2);

z times

* is the operation of convolution of distributionms.

It is relatively simple tc find the expressions for the mathematical expectation
and the dispersion n-as a function of the parameters of the distribution functions
ni{ and g: X .
Eﬂ=zzl zZpn,,
& Y O ¢ ?
D=3 ZPm:+ )3‘ 2p07 — :21 2paMz | o
z2=1 Zwm . =
(3.13)
where Emn, Dn are the mathematical expectation and dispersion of the value of n;
my, 04 are the mathematical expectation and dispersion of the value of ny with
distribution functions Fy(y/z).

In the special case where m, and a% do not depend on z, that is, the effective-

ness of the operations of each ship .does not depend on the total number of ships
in the combat zone, the formulas (3.13) are simplified:

En=mEg,

D= m DL+ o’ﬁg. (3.14)
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where Ef, D% -are the mathematical expectation and dispersion of the value of z:

»
’ E§ = Z 2P,
2=]
# (N2
@g—_-}:.lfp,—()lzp,) ;-
pid R

2=l

m, o2 are the mathematical expectation and the dispersion of the values of ny,
the distribution function of which Fl(y) does not depend on z in the given case.

For sufficiently large 4 the disttibution function F (y/.’\’j will be approximately
normal:

- ¢ . G-En?
F(y/ﬂ’)——- V%gqj e @ dt.

— -

Let us assume that each ship in the system made up of the ship and the base surface
means functions independently of the others, and at any point in time it will be
in the combat zone with the probability k u In this case E{ = ko, N, DL = ko, X

X (1_«;20-') N and, consequently,

ETI = kOMmJY,l
DN =k (1 — ko) M+ by 03N, (3.13)

If in the combat zone the ship carries out a mission with probability p, and the
number of ships carrying out the mission is taken as the parameter n, then the
formulas (3.15) assume the form

En = koo,
D = koup (1 — koup) ) (3.16)

for in the given case mw=p and 02=p(1—p). Here the exact distribution of the
parameter n will be binomial:

Pin=yNt=Clept (1 — p)f, y=0, 1, ..., &4,
_ A ’
where PL= koupy ny’ = W

Now let each ship in the combat zone perform some mission with probability p,
the volume of which is characterized by a deterministic value Q&, and with a
probability 1-p the volume of the solved problem is zero. In this case (Fig 3.4)

1—p for y<.
Fl(y,'z)={ 1 oo ys Q.
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Understanding the parameter n as the total volume of the problems solved by &
ships, for En.and &1 we obtain

En=rkopQuf, (3.17)
D1 = koup (1 — koup) QGiA°.

fily/z)
7}

Figure 3.4. Graph of the function Fy(y/z)
The distribution of n here will also be binomial:

Pin=kQi N} =Clepl (1 — p)¥*,
E=0,1, ..., &, (3.18)
where p l=koup .

When using the asymptotically normal distribution for F @y when n can
assume only positive values with respect to physical meaning, it is necessary
that the condition En—3/"Pn>»0 be satisfied.

The condition EN—3/"Dn>0 defines the corresponding minimum value of A .
For the formulas (3.15) we have

t—tat (Z)

N >9 o )
and for the formulas (3.16) and (3.17), respectively,
1 —koup
N9 IRt

Concluding this general survey of methods of calculating the effectiveness indexes,
let us note some peculiarities of constructing the operative-tactical and the
corresponding mathematical models as applied to the problems of analyrical design
of ships.

1. The process of constructing the mathematical model of estimating the

- effectiveness of a ship in the AD stages can be provisionally divided into two
steps: construction of the model containing ocomplex operative-tactical
characteristics (handling, intensity of detection, range of detectien means, target
indication, communication; probability of detection and destruction, and so on);
construction of the model containing explicitly the TTE and TDP of the ship by
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expansion of the relatioms for the above-indicated complex characteristics as
functions of TTE and TIP.

2. The individual TTE and TDP of a ship are manifested to a different degree at
different hierarchicallevels of investigation of the combat operations. For
example, the sea endurance and cruising range are purely operative TTE. In the
majority of cases it is also possible to include the combat supplies on hand in
this group. At the same time the speed of the ships is exhibited simultaneously
on the operative level (deployment in the combat zones) and the tactical level
(attacking, avoiding the enemy weapons, after salvo maneuvering). The
characteristics of steerability and maneuverability are among the purely tactical
qualities. The construction of models which are critical with respect to the
entire set of TTE and TDP is very difficult and, as a rule, leads to in practice
unexecutable algorithms.

In the models of different hierarchieal.levels, different mathematical methods are
used. Thus, on the operative level a more important role is played by the
analytical methods, and on the tactical level, frequently it is necessary to use
the method of statistical simulation. It is highly significant that many of the
tactical characteristics are weakly manifested in the models on the operative level.
The most typical methods of overcoming the indicated difficulties are the follow-
ing: selection of the series of TTE and TDP by optimizing them on the basis of

the investigation of special tactical situations and statistical simulation of

the special tactical situations with subsequent approximation and use of the
analytical relations for the individual tactical characteristics as a function of
the TTE and TDP of the ship in models of a higher hierarchical level. (The '
second of the indicated approaches sometimes is called the principle of general- -
ized information use [511]).

3. When developing the algorithms for estimating the effectiveness of various

versions of the ship very frequently it is necessary to optimize the procedures :
for using the forces and means. For example, it is necessary to optimize the
speed of the submarines during target search. In the problems of estimating the
ef fectiveness of using weapons it ig necessary to optimize the firing method as a
function of accuracy of the target indication means, the weapons dispersion
characteristics, and so on.l

Thus, in the model designmed for optimizing the TTE and the TDP of a ship, and this
is the primary goal of AD, "internal" optimization problems appear. This compli-
cates the algorithm, the more so in that in the general case for different
versions of the ship the optimal tactical operating procedures are different.

- Theoretically it is necessary to perform the above-indicated "internal" optimiza-
tion in each step of the movement toward the optimum with respect to the TTE

l1n the general case the optimization of the methods of using forces and means

must be two-way, that is, it is carried out both for our own forces and for the

forces of the enemy. This leads to the necessity for solving the corresponding

game problems. There is an applied discussion of the game theory as applied to

naval thematics in the book by V, 6., Suzdal' TEORIYA IGR DLYA FLOTA [Game Theory
- for the Fleet], Moscow, Voyenizdat, 1976,
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and the TDP. However, this method is frequently impossible from the computational
point of view, and the majority of tactical procedures (except the most signifi-
cant ones) must be rigidly fixed for all versions of the ship in the AD models.

4, From the general point of view, the TIE and the TDP of a ship can be optimized
on the basis of simulating an entire war as a whole and even postwar problems.

The construction of such a model, as a rule, is impossible. Only a single typical
operation or sequence of typical operations is simulated, as a result of which it
is necessary to make the achieved effect commensurate with the losses of ships.

It is only admissible not to consider the losses for ships meant to be used one
time. At the same time, none of the ships from the classes or subclasses can be
considered as ships meant for one-time use.

Thus, in practice, it is always necessary to consider at least two indexes: the
achieved effect and the losses, which in time lead to the optimization problems
considering several effectiveness indexes. As will be demonstrated in Chapter 5,
at the present time such problems are not subject to strict formalizationm.

§3.3. Mathematical Model of Estimating the Effectiveness of Independent Combat
Operations of Ships of Side A Against Ships of Side B

Let us assume that targets (ships of side B) are dist_ibuted in an unlimited part
of the ocean. The destruction of these ships is the mission of the ships of

- side A. The number of ships of side B is considered unlimited, The ships on both
sides operate individually, independently of each other. (Fhis system can be
characteristic for certain types of combat operations of submarines.) The ships
of side A search for the ships of side B. The search process is considered
Poisson [19].

After detection there is a duel between the ships which lasts until one of the

sides is destroyed. The duration of the duels will be neglected by comparison

with the total time the ships of side A are in the combat zone. The mutual

destruction of both sides in one duel is considered impossible (see §3.4.).

The consumption of the combat supplies on hand in each duel, according to the

quasiregularity principle, is takén equal-to-its mathematical expectation until
- destruction of the target.

The process of combat operations of each ship of side A on one voyage halts
either on expiration of a given time (the residual sea endurance P.gppat) Or
after a given quantity of combat supplies on hand (the supplies allocated for
operations in the zone) are expended or as a result of destruction by the enemy.
Under the assumptions that have been made, the functioning of each ship of side A
can be described by a Markov process (Figure 3.5).

Let us introduce the following motation: ¥y -- the intensity of detections of
ships on side B by ships on side A; Pgog A —~ the probability of destruction of

- a ship of side A in one duel; Pgeg p —— the same for a ship of side B; M is the
number of ships of side B which can be destroyed by one ship of side A with
respect to the quantity of combat supplies on hand. The wvalue of M is equal to
the total quantity of combat supplies on hand allocated for operations in the zone
divided by the mean consumption of combat supplies in one duel.
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A ship of side A functions in the states with the numbers 0, 1, ...; M1,
destroying O, 1, ..., M-1 ships of side B, respectively. In the state M a ship

of side A stops combat operations as a result of expending the combat supplies

on hand, destroying M ships of side B at this:time. In the states-M+l, M#2,..,, 2M
a ship of side A was destroyed by the enemy after destruction of 0, 1, 2,..., M-1
ships of side B, respectively.

As the parameter defining the outcome of the combat operations of the ship

of side A, it is possible to take the random number of destroyed targets on one
voyage (vithout considering counteraction in transit to the combat zone and back).
Let us designate this value by nj. The distribution function of this value is
completely defined by the probabilities

\ Pin =0} =Py (Tsd + Prtia (Tsa)s

P'“1= 1}=P1(T6A)+PM+2(T6R)’ (3'19)
@

...............

Pi{m =M} =Py(Ted,
Key: (1) combat

where the values entering 