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Mechanics of Marine Vehicles

Marine vehicles must be capable of operating and surviving in extreme conditions,

These dramatic photographs on the following two pages show:

(a) the bows of a submarine, USS Birmingham, clear of the water following an
emergency surfacing manoeuvre (courtesy of Fairplay International);

(b) a frigate travelling at speed in a rough sea which forces the bows to rise clear
of the water and subsequently fall back in a ‘slamming” motion (courtesy of
the Admiralty Marine Technology Establishment, UK);

(¢c) a fully-laden superranker with little freeboard which resuits in substanrial
deck-wetting in heavy seas (courtesy of Fairplay Intemational).
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Preface

Towards the end of the 1960s a poslgrad\me course on naval architecture was
started in the Department of Mechanical Engineering in University College London.
The subject was to be developed from first principles to an advanced level and the
course would therefore be particularly demandmg. It was lmperatwe that those
who embarked upon it should possess an adeq; d in applied h
Inevitably, while some would be products of the Department’s own undergraduate
courses in mechanical engineering, others would come from other universities and,
indeed, other disciplines. If mass slaughter were to be avoided, therefore, some
preparation would be needed. But what form should it take?

In the event several members of the Department wrote sets of notes, not on naval
architecture, but on the underlying applied mechanics, Originally, these notes were
produced in the form of papers under the collective title “The Mechanics of Fluid-
borne Vehicles”. Naturally, as time went on, the material was altered, sometimes
drastically; new needs were perceived, and corrections and improvements were
made. In particular, a major change resulted in the exclusion of aeronautical topics,
50 that ‘Fluid-borne Vehicles' became *Marine Vehicles’. There was also a continuing
need to bring the references up to date in a field that has been, and still is, develop-
ing rapidly. This book is based on the papers as they now stand, some of them
having been modified more than once by more than one colleague. Here and there,
additions have been made by practitioners among our colleagues (e.g. in Section 3.7)
and, although we were responsible for the original text we have not seen fit to edit
these additions and modifications out again.

The purpose of this book is to provide its readers with a dependable base from
which to move into more advanced studies of vehicles associated with maritime
technology. It is not aimed solely at the would-be ship designer, although that is
one of its main objectives.

It is a pleasure to acknowledge the assistance given by several of the authors’
colleagues, some of whom have now left the Department. In particular, Dr W. K.
Allen wrote the first versions of various notes. Professor A. G. Parkinson was much
concerned with directional stability and control and revised the material which now
comprises Chapter 10. Dr Eatock Taylor’s work on structural dynamics is also
much appreciated.

Finally, we are grateful to Sonia Clayton who not only took on the task of
converting an often hideously scrappy manuscript into typescript but also main-
tained, at the same time, a happy ship at home.

University College London B.R.C.
May 1981 R.E.D.B
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1
Introduction

1.1 The Design Process

Like any other type of design, that of marine vehicles (that is, of ships, submarines,
buoys, waterwings, etc.) is a form of art. This does not mean that it is something
vaguely connected with ‘the arts’: rather, the process of design demands a skill
which may even extend to a form of cunnj.ng. for design cannot be done (at least
not realistically, imaginatively or h ly) just by fol]cwmg rules.

The reason why design cannot lugcally be called ‘a science’ lies at the very root
of science. The object of science is to gain knowledge by observing, describing and
interpreting various phenomena; it does so often by reference to simpler phenomena.
Science does not seek to go further than this, although it would certainly have to
do so if it were to be capable of giving positive guidance to the designer.

In effect the design process creates trial solutions which need to be tested ana-
Iytically against requi Thusa preliminary design is analysed and then modified
in the light of new information and insight obtained from this analysis. The modified
design is then similarly evaluated, and so the process gradually continues towards a
design that is suitable for development in detail. The alternation between synthesis
and analysis is characteristic of all design, even though the alternatives may have to
be examined at any stage.

Until a basic approach has been developed a number of preliminary designs may
have to be examined in parallel, in accordance with general engineering practice.
Thus a mechanical engineer might have to decide whether a power-actuated control
system should be driven by hydraulic, electric or pneumatic means, Until a decision
is reached all these possibilities must be kept in mind.

A proposal for a particular kind of marine vehicle will be the result of an examina-
tion of some conceptual need governed by economic or other constraints. Concept
design such as this will not be considered further other than to note that the results
of a technical design may have to be fed back into that framework for reappraisal.
It is important, however, to determine exactly the system which is of interest and
to state the objectives plainly. The following questions are commonplace in the early
design stage. Is the objective to create a marine vehicle which is technically excellent?
Or should it have a mini cost or a mini life cost? Or is it to
achieve a stated level of mndmess or safety or maintenance or performance? Just
what compromise is required?

Having defined the system which will be analysed and stated the objective(s), it
is often convenient to construct a model of the problem. This is usually mathematical
in ch and the resp of the proposed design to its environment.
Physical laws derured by Newton, Bernoulli, lancheuer Euler and many of their
successors often provide suitable models and so, at little expense, the design may be
examined theoretically —and modified if necessary — without the need to build
and test a physical model, or even a prototype.
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2 [ Mechanics of Marine Vehicles

Tests of
proposed design
|
r ) 1
Technical Ergonomic Econamic
T T 17"~
Safety Habitability Usability Appearance
Structural Hydrodynamic I L -
performance performance Cost and Availability Service
time 1o life
—— build
Constructability Economics
Qverall Ability 1o of operation
strength carry load
Propulsion Handling Seakeeping
Fig. 1.1

Briefly, and rather crudely, the lines of thought suggested in Fig. 1.1 could form
the basis of a sound approach to design. Note that the ‘tree’ is only partly complete;
it can be continued, depending on where the system boundary is drawn, It is not
our present purpose, however, to examine the philosophy or techniques of the
design process. We merely note that the design process is one of formulation,
evaluation and modification.

The factors which need evaluation often, perhaps usually, have to meet conflict-
ing requi 5. Ci ly, ise is an important factor in deslan And
an important function of the a.nalym:al side of the design process is to give guidance
on the making of compromises, for it is often necessary to know the consequences
of the acceptance of a compromise,

Of course, rules can be — and frequently are — framed to help the designer avoid
pitfalls when making trial designs. This is the value of experience, But experience is
an equivocal asset: used m!elhgenﬂy (i e quesuonmgly) it can save a great deal of
unproductive effort; used uni (ie gly) it can still save
effort, but it can also be stultifying,

1.2 Naval Architecture and Related Fields

In the required operation of marine vehicles, lives are often at stake and huge sums
of money at risk. In addition, the problems confronting the designer are essentially
difficulr ones, particularly on the technical side, as we shall see. The decision to
proceed with a new design is thus not to be taken lightly.

In the past these difficulties have forced engineers to specialize in particular types
of marine vehicles. Naval architects, for instance, have designed ships, amassing in
the process considerable knowledge over the years. The reader who intends eventu-
ally to design ships would be foolish to disregard this accumulated knowledge and
experience,
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Introduction | 3

The problem here is not that of mastering naval architecture, however. We are
concerned with marine vehicles in general, and there are many types of craft quite
distinct from conventional surface ships. For example

bathyscaphes paravanes

dracones planing craft

hovercraft sea-bed crawler vehicles

hydrofail craft submarines

inflatable craft t ibles (manned or d)
multi-hull craft surf boards

oil and gas drilling rigs torpedoes.

Obviously we cannot study all of these (and others not mentioned) as the naval
architect studies ships. In fact, our aim will be to provide a discussion of the mech-
anical problems that any or all of these types may raise.

By the very nature of the subject consideration must be given to solid mechanics
(i.e. the mechanics of the vehicle) and to fluid mechanics (the mechanics of its
environment). Now for the purpose of analysis it is almost invariably best to identify
either (a) the vehicle or a part thereof, or (b) the fluid or a part thereof. That is to
say, it is usually better never to contemplate a composite system comprising solid
and fluid. Accordingly it is necessary to consider the forces that act across the
fluid—solid boundary.

The fluid forces exerted by the environment on an isolated vehicle may be
constant or time dependent. The régime will in fact be one of the three types
indicated in Fig. 1.2. The adjectives ‘hydrostatic’, ‘steady’ and ‘unsteady’ will some-
times be employed to describe the loading of the vehicle by the fluid. (Note that
approximations may be made by treating unsteady loading as steady, or steady
loading as hydrostatic, thus rendering otherwise intractable problems amenable to
analysis.) Here, then, is one way in which an analysis can be broken into parts.

A second way of iently forming a boundary within which an analysis
may be confined is suggested by the relevant properties of the vehicles themselves.
Whether or not a vehicle is assumed to be ‘rigid* depends on what the analyst hopes
to achieve. Thus, although the rigid dynamics of a submarine is acceptable in discus-
sion of its handling characteristics, it is nonsense in a discussion of submarine vibra-
tion. The assumption of rigidity is made in studying handling characteristics because
it is suspected that the effect of a submarine’s flexibility will be negligible.

Forces applied 10
vehicle by fluid
|

= 1

Constant. Varying

(static loading of {dynamic loading of

the vehicle) the vehicle)
Hydrostatic Steady hydrodynamic Unsteady hydrodynamic
loading loading loading
[no relative motion (flow pattern wewed
between fluid from vehicle is fixed)
particles)
Fig. 1.2
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4 [ Mechanics of Marine Vehicles

Within the framework outlined in Table 1.1 it is possible to introduce most of
the significant techniques of contemporary analysis of marine vehicles. Note, how-
ever, that this framework covers only a part of the designer’s task. Many areas of

lation must be left hed, although some of them, notably economics,
e!gonoml.cs‘ material properties and prime movers, are vitally important,

Tabie 1.1 Topics in the mechanics of marine vehicles.

Topic Vehicle Fluid forces applied to vehicle

Rigid Deformable Hydrostatic Steady Unsteady

The ocean environment Some relevant physical and oceanographic properties of the sea

Structural analysis X X X
Vehicles at rest X X
Maodels X X X X
Vehicles in steady
motion X X
Propulsion X X
Control of steady
planar motion X X
Directional stability
and control X X
Structural dynamics X X

1.3 Mechanics of Marine Vehicles

Obviously, a firm grasp of the principles of mechanics and their relevance and
application is crucial for the success of any design project concerned with marine
vehicles, which may often be extremely complex. The finally adopted vehicle
system consists of a combination of many inter-related sub-systems, for example,
communications, air-conditioning, navigation, control, catering, etc. Consequently,
design teams are formed of specialists in different fields together with others able to
coordinate the separate and sometimes conflicting interests to a final result which
will provide the optimum amalgam., The importance associated with the various
sub-systems depends, of course, on the type of vehicle under consideration. Clearly,
the operating characteristics of a fishery patrol vessel will differ considerably from
those pertaining toa coastal ferry running a regular commercial service. Nevertheless,
detailed studies can be carried out in common areas such as environmental con-
ditions, stability, power and speed, control and the like. Many of these items can
be investigated with physical models, and again these take on a wide variety.

In the following chapters the preceding points are developed on a broad basis
but with emphasis always placed on principles rather than empiricism. Nevertheless,
detailed answers to most questions relating to the mechanics of marine vehicles are
generally impossible to formulate without some reliance being placed on past
experience. As stated earlier, it would be quite wrong to ignore or scorn accumulated
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knowledge — and it would be equally wrong to accept it without question. Empiric-
ism is therefore included in those places where it contributes fruitfully to the analysis.
At the same time attention is drawn to the appropriateness and accuracy of experi-
mental data and to the assumptions required by an analysis before the data may be
used.

The ocean environment in which a vehicle operates naturally has a strong influence
on design and the duties to which the vehicle, and its sub-systems, are put. Perhaps
the most dramatic effects of the environment occur at the air—water interface as a
result of the interaction between the two viscous fluids. Strong winds, waves of
various lengths, heights and steepnesses, spray, etc., limit the progress of ships and
may cause discomfort to the crew and passengers, substantial structural damage, or
even cause the vehicle to capsize. Communications (radio and radar) become
impaired under certain environmental conditions and changes in the properties of
sea water limit the performance of sonar devices used by submarines and anti-
submarine craft. Ice in the sea is also a substantial hazard and inhibits movement in
many coastal waters, inland seas and rivers. These mattersare discussed in Chapter 2.

Clearly, any marine vehicle must remain in stable equilibrium when being launched
and must maintain this condition when floating stationary or tied up to a jetty.
(Even a hovercraft must float stably if, for example, the cushion lift fans fail and
the skirts cannot be inflated.) Furthermore, the attitude of the vehicle when station-
ary must be consi with bottom cl ease of loading cargo, crew comfort,
safety and so on. The vehicle must also continue to have an acceptably stable atti-
tude as stores are consumed or cargo taken aboard. These topics are investigated in
Chapter 3 along with an introduction to structural analysis. The vehicle must have a
structure compatible with the loading and its distribution. Once more, the details of
the main structural design vary from one vehicle to another depending upon the
application, and so we could anticipate a quite different structure being used for a
submarine as compared to a cargo carrier or a hovercraft. The purpose of the sections
devoted to structural analysis is to show how the subjects covered in, say, courses
on structures, stress analysis, plasticity, etc., may be brought to bear on problems
related to marine vehicles. It is shown that reference to the ‘ship girder’ can produce
techniques suitable for a ‘static’ analysis which may be linked to extreme loadings
and steady motion.

In general, when vehicles are underway statics no longer yields answers of accept-
able accuracy. Whereas straightforward, albeit tedious, arithmetic is called for in the
solution of statics problems of the type considered in Chapter 3, things become
rather more complicated when hydrodynamics is involved. Indeed, equations of
motion can only be solved with the aid of experimentally determined coefficients.
As prototype vehicles are large, relative to the required test facilities, smaller models
are necessary, and the background to modelling and the rules by which model results
are projected to full-scale performances are examined in Chapter 4 . The extent and
importance of test facilities are illustrated by means of photographs and a table of
principal dimensions.

Chapters 5—8 are concerned with the aspects of steady motion of marine vehicles
on the assumption that in many instances perturbations on steady states are neglig-
ible when the overall behaviour of a given vehicle is being considered.

Chapter 5 discusses the equilibrium conditions required for the steady motion of
ships and other displacement vehicles, such as deeply submerged submarines, operat-
ing at low speeds, say at less than 17.5 ms™’ (=35 knots). The dilemma facing
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6 | Mechanics of Marine Vehicles

designers in transferring model data to full scale predictions is discussed and contem-
porary techniques tocombat the difficulties are described. Components of resistance
are analysed and special attention is paid to the problems of encountering ice in the
sea.

There isa tendency nowadays for some navies and commercial operators to adopt
high-speed craft which, because of power limitations, are smaller than conventional
displacement vehicles. Different principles are then required and these are given in
Chapter 6 in relation to planing craft, hydrofoil craft and hovercraft. An overall
appraisal of high- and low-speed craft is given along with data showing the best
operating régimes,

The resistance to motion of a marine vehicle must be overcome by a suitable
propulsor and the means by which this is achieved are presented in Chapter 7. Here
the complexity of hydrodynamic interactions between the hull and, for example,
a propeller is so great as to defy any kind of rigorous theoretical description.
Although analyses are being developed which will gradually reduce the necessity
for extensive experimental work much effort is still devoted to physical scaling of
interaction processes. A brief appraisal of various types of propulsor is given, but it
is concluded that for most purposes the screw propeller, open or shrouded, is still
Lhe besi type by far. A method of delerrmnmg the overall dimensions of a propeller
is d d along with p t-day d on the initial stages of propeller
design within the limitations of a sr.eady ﬂnw analysis,

Having designed a marine vehicle which suits specified environmental hm:latmns,
remains stable and which is provided with a propulsor that hes the
of the vehicle some means of controlling and manoeuvring the craft is needed.
Control surfaces are invariably in close proximity to a hull or propulsor and so
hydrodynamic, and thus structural, interactions are again called into play. A straight-
forward approach to the analysis of control surfaces is outlined in Chapter 8 and is
based upon a first-order, small-perturbation theory. It is then possible to describe
the principal features of some steady manoeuvres related to ships and submarines.
Data are also given for the estimation of forces on rudders and hydroplanes when
uniform flow is again assumed.

Whereas the ‘steady-motion’ approach to the design of marine vehicles allows
the overall features of the vehicle to be assessed, there are numerous detailed matters
which call for more refined theories. If these are ignored then important non-linear-
ities, fluctuating forces, resonances, etc., are missed. And these, in turn, could
produce catastrophic failure of components, overshoot manoeuvres and instabilities.
However, greater accuracy cannot be achieved without more complex and often
more elegant analyses, and Chapters 9 and 10 are concerned with an introduction
to a ‘dynamic” or ‘unsteady-motion’ approach. Thus, Chapter 9 is devoted to struc-
tural dynamics and differentiates between “dry land’ and ‘wet sea’ problems. The
theory of beam vibrations is developed and its application to ship hulls is described
in some detail. The underlying theory of the structural dynamics of ship hulls in
antisymmetric motion is given along with a brief appraisal of ‘added’ mass. This
chapter concludes with a summary of the structural problems likely to be encount-
ered with marine shafting.

The directional stability and controlof marine vehicles are covered in Chapter 10.
The general equations of motion are developed and subsequently linearized (the
vastly simplified forms of these equations are examined in Chapter 8). The nature
of the deviations from steady motion are described and the slow motion coefficients
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Introduction | 7

or derivatives in the equations of motion for ships and submarines are examined.
More general predictions of the performances of control surfaces are presented and
a number of model and full-scale experiments used to assess performance are
described.

To conclude this section, we should perhaps stress the importance of mechanics
to the potential naval architect, who would probably prefer to become better
acquainted with ships! In the very first technical paper read before the Institution
of Naval Architects, the Rev. Dr Joseph Woolley laid great stress on the importance
of scientific fundamentals — of mechanics — to those who design and build ships [1].
That importance has not declined in any way. Indeed, it provides the raison d €tre,
in a modern context, for the material that follows.

1.4 A Note on Units

In this book SI units (Systéme International d'Unités) are preferred. Approximate
British units are given in parentheses although this practice is sometimes omitted if
confusion might result owing to congestion of data; the main exception occurs in
Chapter 2 which deals with topics in oceanography, meteorology and climatology,
for in these subjects modem practice generally favours the widespread use of metric
and better still SI units.

A number of useful conversion factors (discussed in Chapter 4) are given in the
rol.lmmng list although some rounding-off has taken place in the presentation of

| data, Exact equival are given in bold type.

Length
l:25.4mm7304.8 mm _ 6080 ft
T tin  1ft 1 British nautical mile
Area
1200929 m’ 645 mm’® _0.836 m’
T T nin?  1yd?
Velocity
1203048 ms™_ 0515 ms” ! _0447ms™!
T Ifts ' 1Brtshknot  Imph.

Second moment of area

1 =B63x 10%m?_4.162x10" m*

it - 1in®
Volume
1= 2832x107 m® _ 1,639 x 107° m? _ 0.7646 m?
117 1in? 1yd?
Mass
1 =04536ky _ 1016 kg _ 1000 kg

I1lbm  1tonm 1 tonnem
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8 | Mechanics of Marine Vehicles

Volume flow rate
_2832x10% m* 57!
1= =
11t%s

|

Density
| = 1602ke 111" _6241bm fit=?
Tlbmft™> ~ 1000kgm >
Moment of inertia {second moment of mass)
0.04214kgm® _2.926 x 10~* kg m®

P bm 11lbm in’
Force

(=4MBN_9964N

" 1Ibf  1tonf

Moment of force, or Torque
1.356 Nm _ 3037 Nm

1S5UWiR - Lionfit

Pressure; Stress
689SNm™>t_1544x10"Nm™? _1.013x10°Nm~? _10°Nm™?

=Bt - ftarn? - 1 atmosphere 1 bar
Work; Energy
_ 13567 _3766x 10" kWh _3.6x10°J
1 ft Ibf 1 ft Ibf 1kWh
Power
1= 1356W S50t bfs™' _746 W
11tibfs ! Thp 1hp

(Absolute or dynamic) viscosity

1=479Nsm™_0.ANsm~?
SAbfsft? 1 poise
Kinematic viscosity
0.0929m*s™' _ 10 m®s”!
15t~ 1stokes

1=

Reference
1. Woolley, J. (1860), On the present state of the mathematical theory of naval architecture.
Trans. Inst. Nav. Archir., 1, 10-38.

1 The unit N m -2 js given the name pascal (Pa).
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The Ocean Environment

2.1 Introduction
To specify realistic operational requuemems the designer of a marine vehicle must
have some understanding of o« 2r and m logy, for he must consider

the operation of the vehicle and the condmons within it. ln the following sections a
number of relevant topics from these disciplines are introduced in order to provide
understanding of the marine-vehicle environment.

The oceans have been in existence for at least 3 billion years — more than half
Lhe age of 'he Ean.h — according to the analysis of rounded, well worn pebbles

of sedii iy rocks. The origin of the oceans is still in
doubt, [l! The topographical features of the planet are changing continu-
ously, albeit slowly relative to the human lifespan. Shore lines distort, continents
rise, fall and drift, and the mean sea level changes. During the main ice ages the seas
were 100—200 m below their present level owing to the presence of large volumes
of frozen water; the land masses were consequently larger. At present, the Earth is
emerging from an ice age. If the Antarctic and Greenland ice sheets were to melt
the seas would rise about 50 m and therefore flood large areas of low-lying coastal
plains.

One might expect that the chemical composition and therefore the physical
characteristics of the seas are changing. In fact, experiments have shown that the
composition of the salts dissolved in sea water is nearly always the same regardless
of location, although the total concentration varies from place to place. This implies
that since the formation of the oceans the water has been well mixed and a steady
equilibrium state obtained except for brief, local disturbances, such as near to coast-
lines and estuaries. However, we shall not examine these regions in any great detail.

In the design of marine vehicles one may be interested in the properties of the
ocean floor, the water itself or the atmosphere above. Usually, of course, one is
concerned with the interfaces between these zones — principally that at the sea
surface — and the transition from one zone to another takes place abruptly. (The
mean density of the sea bottom is around 2.5 Mg m™>, that of sea water is approxi-
mately 1.03 Mg m~? and the mean density of air at sea level is 1.23 kgm )

2.2 Topography of the Oceans

A rather simple, idealized model of the Earth can be obtained by assuming the
planet possesses geometric symmetry. Essentially, the Earth would then consist of
three major regions: solid material of variable (but generally large) density; liquid of
moderate density; and gases of low density. These regions would be held together
by gravitational attraction and the substances stratified into a central core of very
heavy metal surrounded by successive smooth, spherical shells of heavy rock, light
rock, water and, finally, gas layers, The Earth may thus be compared with a wet
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10 | Mechanics of Marine Vehicles

football, the hydrosphere being a relatively thin film of water on the surface of a
large solid sphere. This model of the Earth is illustrated in Fig. 2.1.

In reality land masses protrude through the surface of the hydrosphere, so that
water only covers about 71 per cent of the total surface area. Furthermore, the
ratio of water to land in the southemn hemisphere is considerably greater (4:1) than
in the northern hemisphere (1.5:1). The average depth of the oceans is close to 4 km.
(A sea is a smaller body of water often surrounded by land or island chains and
possesses local distinguishing characteristics.) The maximum depth of the hydro-
sphere is about 11 km (at Challenger Deep in the Marianas Trench). There the water
is perpetually near freezing point yet forms of life are still to be found, as confirmed
by the United States bathyscaphe Triesre which touched bottom in 1960.

Essentially, there is but one ocean and all the land masses are islands. For con-
venience, however, the ocean is divided into five principal regions each displaying
important differences of detail in their characteristics. These may be described
briefly as follows.

Crust 156 km

Hydrosphere 3 km

Aerosphere 30 km

Fig. 2.1 Model of the Earth.

The Pacific Ocean. This ocean contains more than half the water in the hydro-
sphere and averages about 3.9 km in depth. Few rivers flow into the Pacific Ocean
and as its surface area is about ten times the area of the land draining into it the
fresh-water content near to the surface is quite small. Conditions in the South-East
and South-West Pacific Basins resemble more closely than elsewhere those which
might be anticipated on the idealized model described earlier. A particularly distinc-
tive feature of the Pacific Ocean is the presence of many trenches and islands which
define areas of earthquakes and active volcanoes. Indeed, the greatest continuous
slope on the Earth is the Hawaiian volcano Mauna Kea, which rises sheer from the
sea bed to about 9.5 km of which about 4.2 km is above sea level. (The height of
Mount Everest is 8.84 km.) Another impressive slope rises from the depths of the
Peru—Chile trench to the crest of the Andes, a height of about 5 km.
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The Ocean Environment [ 11

The Atlantic Ocean. This is a narrow twisted body of water averaging 3.3 km in
depth and is adjacent to many shallow seas such as the Caribbean, Mediterranean,
Baltic and North Seas, the Gulf of Mexico and so on. Many rivers flow into the
Atlantic Ocean including such great ones as the Congo and the Amazon. The surface
area of the ocean is only 1.6 times the land area drained into it and so the surface
water contains a greater proportion of fresh water than that of the Pacific Ocean.
Within the Atlantic Ocean is the so-called Mid-Atlantic Ridge, which extends along
the middle of the ocean from north to south and then continues somewhat less
definitively through the Indian and South Pacific Oceans. In the Atlantic Ocean it
separates the bottom waters which consequently have different properties on the
east and west sides of the Ridge. Moreover, it forms the biggest continuous ‘moun-
tain' range on Earth being 16 000 km long and 800 km wide. The total Mid-Ocean
Ridge is probably the most extensive single feature of the Earth’s topography. The
complete length of the ridge is over 48 000 km, its width often over 1000 km and
the height relative to the adjacent sea floor varies between | km and 3 km. The
origin and structure of the Mid-Atlantic Ridge is still in doubt, but many geologists
believe it to be the result of upwelling of the mantle material.

The Indian Ocean. This averages 3.8 km in depth and receives fresh water from
large rivers such as the Ganges and the Brahmaputra, The surface area of the ocean is
4.3 times that of the land drained into it and is thus intermediate between the
Pacific and Atlantic Oceans. An important influence on the Indian Ocean is its
susceptibility to radical seasonal variations of atmospheric conditions which are due
to the proximity of the large land masses of Africa to the West and India to the
North.

The Antarctic Ocean. The three preceding major bodies of water are connected
to form this continuous ocean belt known also as the Southern Ocean. This ocean
surrounds the frozen Antarctic land mass and, as we shall see later, induces a deep-
ocean circulation.

The Arctic Ocean. Although it is often considered an extension of the Atlantic
Ocean, quite recent investigations have shown that the Arctic Ocean is divided into
two basins, the Canadian and the Eurasian on either side of the so-called Lomonosov
Ridge. The Arctic Ocean surrounds the northemn polar ice cap which permanently
covers about 70 per cent of this ocean's surface.

Typically, an ocean may be about a thousand times as wide as it is deep and a
cross section might be similar to that illustrated in Fig. 2.2. The main régimes, in
relation to distance from the land, are the shore, the continental shelf, the contin-
ental slope and the deep-sea bottom, which is sometimes called the ‘benthic’ bound-
ary.

The shore may be defined as that part of the land mass which is closest 1o the
sea and which has been modified by the action of the sea. The beach is the seaward
limit of the shore and extends roughly from the highest to the lowest tide levels.
Sandy beaches are usually in a state of slow continuous change as material is removed
and deposited by waves and water currents near the shore line.

The continenral shelf extends seawards below the water surface at an average
gradient of 1 in 500. The shelf has an average width of 65 km but may vary from a
few kilometres to 700 km as in the Bering Sea, for example. The bottom material is
usually sand and less commonly mud or rock. At a depth of about 130 m but some-
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Tidal mavement
%\. A-.High A Mean

Continent

Deep-sea bottom

Fig. 2.2 Typical sea-bed topography.

t:mes as much as 500 m the so-called ‘break-in-slope’ occurs where the gradient

rapidly to approxis ly 1 in 20. This rapid increase marks the start of
the continental slope which then extends to the deep-sea bottom to mark the edge
of the continental land mass. Not surprisingly, the shelves comam many of the raw
materials found in the adj land. Consequently, mine shafts and,
recently, drilling platforms have been constructed in these areas to obtain oil, gas,
sulphur and limestone commercially [2].

The continental slope averages about 4 km vertically from the shelf to the deep-
sea bottom but increases in places to 9 km in a relatively short horizontal distance.
In general, the continental slope is considerably steeper than the slopes on land.
The material on the continental slope is primarily mud with outcrops of rock, Sub-
marine canyons are usually found there, either V-shaped or with vertical sides; they
occur most often off coasts with rivers, but never, it seems, off desert areas.

The deep-sea bottom is the most extensive area and depths of 3—6 km occur
over 76 per cent of the ocean basins and a further 1 per cent is deeper. It was only
with the advent of the laying of cables that the original view of a totally flat sea
bottom had to be discarded and replaced by one showing mountains, valleys and
plains. The valleys may often extend as circular arcs in planform to great depths
forming the well known trenches in the Pacific Ocean.

Similarly, individual mountains called sea mounts may project above the water
surface to form islands, while the 1ops of others are below the surface and become
ridges when found in a range. In some of the large basins, however, the sea floor is
very smooth and stretches of the abyssal plain in the western North Atlantic Ocean
have been measured to be smooth within 2 m over distances of 100 km,

2.3 Life on the Earth

2.3.1 The Energy Balance
The Earth receives energy by solar radiation which reaches the surface of the planet
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The Ocean Environment [ 13

(i) infrared radiation at long wavelengths (greater than 1 um) which we sense as

heat;

(i) visible light at intermediate wavelengths (0.35—0.7 um, mainly centred
around 0.5 um) corresponding to the blue and blue-green parts of the visible

spectrum;

(iii) ultraviolet radiation (short wavelengths less than 0.1 um) which bumns the

human skin.

A typical breakdown of the incident solar radiation is shown in Fig. 2.3, and the
heat-transfer process from the surface of the Earth is depicted in Fig. 2.4, Clearly,

Solar radiation balance

Incident solar radiation

100 units
Quter space
Atmosphere
Absorbed UV
3 ozane layer
upper atmosphere
{b] Reflected
24 a7
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40 57
() Absorbed | 0000 Lower 32— = Water, vapour,
2 atmosphere dust, etc.
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Earth’s radiation balance

65
+ (al + |b) + () See Fig. 2.3

I

QOuter space

Infrared radiation
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3

{

57
Infrared radiation
from lower atmosphere

15
+(d) +e] See Fig. 23 42
Lower
atmosphere
24 18
Evaporation Convection
from surface from surface
Infrared radiation
from surface
Fig. 2.4

for steady-state equilibrium the 47 units of energy received by the Earth from the
Sun must be dissipated to avoid large-scale changes in temperature, other than local
and seasonal variations. The relatively low temperature of the Earth’s surface allows
only 5 units of energy to be radiated to outer space. The remaining 42 units are
transferred to the atmosphere by a combination of convection and evaporation
(which accounts for more than half this total). If the planet were dry, 97 per cent
of the incident solar radiation would reach the Earth’s surface and heat transfer
from it could only occur by convection and radiation. Thus to achieve thermal
equilibrium the temperature of the Earth would need to be far higher than if is now.
Evaporation from the oceans therefore provides both a heat shield and a highly
effective method of heat transfer. Apart from providing an equable mean tempera-
ture both daily and seasonal vanations are moderated in contrast to, say, a dry
planet such as the Moon. Indeed, we only have to compare the temperature records
for desert areas with those for oceanic regions on the Earth to appreciate this point.

A further result of the evaporation of water from the ocean surfaces 1. *he hydro-
cycle, Water vapour entering the atmosphere undergoes upward convection and is
then conveyed by winds over the land masses. As the moist air is forced upwards
either by high land or by a low, cold (and therefore heavier) belt of air, the vapour
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Condensation

e €
- D

Evaporation

Fig. 2.5 The hydrocycle.

condenses as cloud, fog, rain, or snow. Latent heat is released to the atmosphere
and water is precipitated onto the land before returning to the oceans from rivers
(see Fig. 2.5). The oceans therefore provide water to sustain life on land.

2.3.2 Plant and Animal Life

There is no large-scale vertical mixing in the oceans and a stratified state of hydro-
static equilibrium exists, Hence a warm surface layer of water is isolated from the
cooler, deeper waters. Within this layer 90 per cent of the incident solar radiant
energy is absorbed in a depth of 40 m. Since plant life requires sunlight for survival
we find that most plants occur in the upper 100 m of water and this region therefore
supports the major quantity of marine animal life. However, in contrast to plant
life, marine animals can and do survive without sunlight. They are therefore found
in great variety throughout the depths of the oceans.

Numerically, the most abundant creatures are insects and small marine organisms
and the quantity increases in the warmer regions of the Earth. Their effect on
engineering systems can lead to results that are at best frustrating and at worst
disastrous. The presence of organic growth at sea can, for example, completely
invalidate the data from corrosion tests made under laboratory conditions. Biological
activity produced by the lower organisms which attach themselves to and bore
through man-made structures may lead to fouling, corrosion and fatigue failures.
The larger animals bite through and often completely sever underwater cables and
mooring ropes. Ship resistance may double during time out of dock as a result of
barnacles and marine growth on the immersed hull. Finally, the noises made by
animal life, such as the snapping of shrimps and the echo-sounding clicks and whistles
of dolphins, affect the performance of acoustic devices and communication systems.

2.4 Characteristics of the Stationary Model

A logical discussion of the oceans can be formulated by considering first those
characteristics which appear to be unaffected by the motion of the water. We have
observed already that the great age of the oceans suggest that they must be well
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mixed chemically. Oceanographers often use this important concept to determine
the salinity of water from the more readily measurable chlorinity or, alternatively,
by the measurement of electrical conductivity.

Pure water and, to a similar extent, sea water exhibit some unusual properties
for liquids. Water has high values of specific heat capacity, latent heat of fusion and
evaporation, surface tension, heat conduction, dielectric constant and transparency
as well as the ability to dissolve impurities, and these factors have a considerable
effect on the external environment. To explain these matters we must turn our
attention to the chemistry of the oceans and the physical properties of sea water.

2.4.1 The Warer Molecule

As suggested by the chemical formula, H;0, the water molecule consists of two
hydrogen atoms bonded to one oxygen atom. However, the properties of water are
so dissimilar from other substances having similar molecular weights, such as
ammonia, methane or hydrogen fluoride, that we must look to a more adequate
representation of the water molecule. Let us continue with the notion that bonding
oceurs in such a way that the hydrogen atoms, which are positively charged, are
situated on one side of the oxygen atom. The result is a so-called polar molecule
which is negatively charged on one side and positively charged on the other. Prob-
ably, then, simple molecules of water bond together by way of their hydrogen atoms
to form clusters of molecules. This process is called polymerization and results in a
substance behaving as one with an effective molecular weight considerably greater
than 18. If polymerization did not take place water would exist as a gas at the
temperatures and pressures found on the Earth; it would melt at —100°C and boil
at —80°C. Instead, water exists on the Earth's surface as a gas, a liquid and a
solid (ice).

At the surface temperatures found on the Earth the structure of water is not
static; internal bonds break and reform rapidly so that clustered and simple mole-
cules co-exist. This continual interchange enables liquid water to exhibit fluidity
because at any instant unbound molecules, which are free to rotate and move,
surround the clusters and assist the flow. When ice is melted to liquid water not all
intermolecular bonds are broken, but when water vapour is formed no bonds
remain and so individual molecules move and rotate freely filling any bounded
space.

As water is cooled from, say, 10°C its density will be influenced by two opposing
effects:

(i) reduced molecular or atomic vibration tending to increase density, and
(ii) the formation of bulky molecular clusters tending to reduce density.

Initially, the density of water increases as its temperature is reduced, but as the
number of clusters increases the density reaches a maximum, at about 4°C, and
thereafter decreases. This unusual property allows fresh-water fish to survive in the
deep waters where the temperature remains at about 4°C even though colder water
and ice occur near the surface,

2.4.2 Sea Water

On average sea waler contains some 35%0 (parts per thousand) of dissolved salts,
and so, insmall quantities, the remaining 965°/s0 determine the physical propertics.
However, the dissolved salts have a profound effect on the structure of the oceans.
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The principal salts, given as a ratio of the total salt content, are shown in Table 2.1
and may be considered representative of all the oceans.

Note that sodium chloride, for example, exists as sodium cations and chloride
anions which retain their charges in water. The ions in crystalline substances are
held together, whereas in water the ions first attract, and then become surrounded
by, the charged water molecules so that the salt crystals dissolve. This is why water
is such a good solvent. Gases are also dissolved in sea water and it may be assumed
that at one time or another all the water of the oceans was at or near the surface.
Surface water in contact with the atmosphere would have become saturated with
air and by the processes of diffusion and advection (stirring by wind and currents)
the gases would have been distributed throughout the entire body of water. The
most abundant gases found dissolved in sea water are nitrogen, oxygen (including
that in carbon dioxide) and argon with traces of the other inert gases. The amounts
of the gases that actually dissolve in the surface waters depend on the solubility
coefficients which in turn are functions of temperature and salinity. The quantity
of gas in the surface waters is greatest in the colder, less saline regions. With the
exception of oxygen, all the gases tend to be retained in a saturated state by the
water as it sinks from the surface. Measurements have shown that the gas concentra-
tions then change little with location.

Table 2.1 Proportions of dissolved salis in sca water fedapted from {2/).

Tons % by mass

a- 55.0
Na* 0.9
807 7.8
Mg** 3.7
ca*™t 1.2
K* B
SI‘"

Br~ 0.3

C(as HCO; or CO; ~)

The concentration of oxygen in the surface water is between 5 and 10 mi/litre
compared with a concentration of about 210 ml/litre in air. Marine organisms must,
therefore, have either highly efficient methods of extracting oxygen or lower meta-
bolic (energy) requirements, or both, to survive. On the other hand, the concentra-
tion of carbon dioxide in the ocean waters is about 50 mi/litre while in the atmos-
phere it is 0.3 miflitre. (This contrast accounts for the differences between the
methods of photosynthesis adopted by marine and land plants.) Thus, one litre of
surface water contains about 55 ml of gaseous oxygen and about 600 litres (860 g)
of oxygen combined chemically with hydrogen. If some practical method of extrac-
tion could be devised then divers, for example, could obtain 1 litre of oxygen from
less than 2 ml of sea water.

2.4.3 Ice in the Sea

Ice in the sea comes mainly from the freezing of sea water and is thus called ‘sea
ice’. When sea water freezes, crystals of pure ice form first and increase the salinity
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of the remaining liquid. However, some of the concentrated salt solution (‘brine’)
becomes trapped within the open structure of the crystals. New sea ice, in bulk,
cannot be regarded as pure water — it has a salinity of 5—15%.a, and the faster ice
forms the more saline it becomes. When ice thickens or when rafting occurs the
brine gradually trickles down from the elevated ice to the water level and eventually
leaves almost saltless, clear, old ice. This ice, if more than about one year old, can
be melted and used as drinking water, whereas new ice is not potable. Sea ice must
therefore be considered as a material of variable composition with properties which
depend significantly on its previous history.

Whereas pure water freezes at 0°C the freezing point of sea water with a salinity
of 35%a0 is —1.91°C. Unlike pure water, the maximum density of sea water (when
the salinity is 24.7%0s) occurs at a temperature of —1.33°C, which also corresponds
to the freezing point. (The frequently quoted temperatures of maximum water
density at higher salinities are therefore below the freezing point and so are meaning-
less.)

Incipient freezing in the sea is indicated by a ‘greasy’ appearance on the surface
arising from the presence of flat ice crystals. As freezing continues, individual plates
or spicules of ice develop in quantity (‘frazil’ ice) and these tend to aggregate into
‘slush” ice. Further aggregation results in rounded sheets of ‘pancake’ ice which then
freeze together to form ‘flow” or ‘sheet’ ice. The rate of ice formation increases
with low salinity, lack of water and air movement, shallow water and the ‘Presenc:
of old ice which keeps the water calm. At an air temperature of —30°C some
30 mm of ice can form in one hour and 300 mm in three days, the rate decreasing
with thickness because ice is a poor conductor of heat,

Ice at the polar cap is very hummocky and on average several years old. After
some melting in summer the average thickness of the ice decreases to about 2.5 m
and open water spaces, called ‘polynyas’, may form. In the autumn these freeze
over and the ice in them is squeezed into ridges, or pushed so that one piece slides
up over another —a process known as ‘rafting’. The average thickness in winter
increases to about 3.5 m, but hummocks may cause the height locally to be around
10m above sea level with increases in depth to as much as 50 m below sea level.
Although the polar cap is always present it does not consist of the same ice. Some
is carried away in the East Greenland Current while replacement occurs from the
rafting of pack ice. The pack ice is outside the polar cap, and whereas the former
can be penetrated by ice-breakers the latter is quite impenetrable. About 25 per cent
of the Arctic area is covered with pack ice, this area being least in September and
greatest in May. Finally, fast ice forms from the shore (to which it is held fast) and
moves out towards the pack. In the winter fast ice has a thickness of 1—-2 m but
melts completely in the summer. The ice which prevents or impedes navigation off
the northern coasts of Canada, the east coast of Greenland, the Bering sea and so
on is the pack ice which is several metres thick in those regions. Separate pieces are
called *floes’ and should not be confused with ‘icebergs’.

Icebergs, which are a danger to shipping in the North Atlantic and the Antarctic,
originate as pieces “calving-off” glaciers. When icebergs are calved-off the Greenland
glaciers they often extend to 70 m above sea level, but this height decreases rapidly
thereafter. The height of icebergs carried by the Labrador Current into the North
Atlantic is generally about 30 m; the largest recorded was 80 m high and 500 m
long. The density of an iceberg is about 900 kg m ™2, which is a little less than that
of pure ice as a result of the gas-bubble content. The ratio of submerged volume to
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the volume above sea level is close to 7. Icebergs also occur in the Southern (Antare-
tic) Ocean and on present evidence they seem to be found between 50 and 40°S
while pack ice extends only to 65 or 60°S. This zonal distribution probably arises
from the character of the ocean currents in the Southern Ocean, and these will be
discussed later. More details on the formation, movement and distribution of sea ice
are given in [3].

2.4.4 Hear Budget of the Oceans

Variations of temp with location and time are indications of the rate of heat
transfer to or from the oceans by means of curments, absorption of solar energy,
loss by evaporation, etc. Assuming a steady thermal state exists and considering the
world ocean as a whole (for which there will be no advective heat transfer because
all the ocean currents are ‘internal’ and must add to zero) the equation for thermal
equilibrium is
Q=0n+Qe+Os
where { refers to the rate of heat transfer per unit area of the sea surface. The sub-
script s refers to solar radiation transferred to the ocean, and the subscripts h, e and
b refer respectively to heat transfer by convection, evaporation and back radiation
from the surface of the sea to the atmosphere.
Calculations have shown that the average magnitudes of the heat fluxes are:

0,=150Wm™ Qp=10Wm? Q,=80Wm™? (Q,=60Wm™*

although precise values vary considerably with location. For example, Oy changes
dramatically from winter to summer at high latitudes but is virtually unchanged in
equatorial areas throughout the year, The quantities @y, and Q. often change sign
with the seasons whereas Oy, remains substantially constant, although it is affected
by the presence of clouds as a result of modifications to @ (see Fig. 2.3).

The average heat fluxes in the northern hemisphere are shown in Fig. 2.6(a).
Values of Q, (direct) have been adjusted to allow for cloud cover and it is the major
flux to a latitude of S0°N beyond which direct light and diffused (sky) light contri-
bute equal proportions. Back radiation and convection vary little, although evapora-
tion is large at equatorial and tropical latitudes and reduces to almost zero in the
polar region. The net gain and loss of heat flux are shown in Fig. 2.6(b) where, of
course, the values of @ must be multiplied by the surface area of the sea to calculate
the total rate of heat transfer. When this is done it is found that equilibrium prevails,

We have merely hinted here at some of the important features of heat transfer
in the oceans and more details can be found, for example, in [4].

Any thermal energy gained by the surface water from solar radiation is not
retained solely in the surface region but is mixed vertically downwards. The upper
few millimetres of water may thus share heat with a water column some one hundred
metres deep. Hence, the average temperature rise in the sea surface is about 10~* K
min~" whereas the corresponding figure for rock might be 1 K min™!, assuming
solar radiation to be absorbed at the same rate on land and sea. From this we can
conclude that the oceans are warmed very slowly in comparison with the land and
can store a large amount of heat at a given surface temperature. Similarly, warm
waters cool far more slowly than land.

Human survival at sea is also limited by the thermal properties of water. The
oceans are invariably cooler than the human body and because the sea is a good
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Fig. 2.6 Heat fluxes in the northemn hemisphere,

heat sink there is a rapid and large heat transfer to the sea water. Such a transfer
does not occur to the same extent in air, which has a specific heat capacity of about
one-quarter and a thermal conductivity of about one-twentieth that of water.

2.4.5 Distribution of Physical Properties

Before discussing the distribution of the more important properties of the ocean it
is worth listing and comparing some mean values with their counterparts in the
atmosphere. Table 2.2 shows the magnitudes of the physical properties of particular
importance to the study of marine vehicles. Apart from salinity, both the aerosphere
and the hydrosphere have the same properties, but it is the difference between the
corresponding magnitudes that has such a profound effect on vehicle behaviour,
Conditions in the standard atmosphere to an altitude of 11 km are computed with
the assumption that the air is in adiabatic thermal equilibrium. Temperature then
decreases at a constant rate (the ‘adiabatic lapse rate’ is approximately 9.75 K km™!
although a mean practical value is about 6 K km™!), pressure falls rapidly and
therefore density decreases with altitude. Generally speaking, surface tension is not
regarded to be of primary importance in the present context. However, if the air—
water interface possessed the surface tension of an air—oil interface movement
there would be a rather messy business. Water does not stick to surfaces but runs
off leaving them comparatively dry.
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Table 2.2  Physical properties of the aero—hydrospheres.

Property  Symbol  Unit Aerosphere Hydrosphere
Sea
level 3.5 km 15 km
Pressure p 10°Pa 1.013 0.657 0.120 1,013 +0.1/m depth
Temperature & °C 15.0 -1.8 —56.5 +30to-2
Density -1 1028 at 0°C
p kgm 1.226 0.864 0.194 1023 at 30°C
Salinity s e = = = 35
Kinematic | oog oo, 13.3a10°C 1.826 at 0°C
viscasity 16.0 at 30°C 0.849 at 30°C
i":‘:‘; :l;m ms 33152t 0°C 144581 0°C
and s = 35%,,
Specific s
<p T 1.0 4.217 at 0f
heiL ¢y }” k™' K {o71s 4178 at 30°C
capacities
Thermal k Wm—' K= 0,024 at 0°C 0.570at 0°C
conductivity 0.026 at 30°C 0.607 at 30°C

The spatial distribution of the properties in the surface and the upper waters
tends to be ‘zonal’, that is, a particular property varies little along given lines of
latitude (east—west direction) but shows significant variations along a line of longi-
tude (north—south direction). Some surface properties averaged over all lines of
longitude are shown by the typical curves in Fig. 2.7. Note that there will, of course,
be seasonal and daily (‘diurnal’) modifications locally.
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Fig. 2.7 Average surface properties of the oceans.

(:l() SIC JNIVERSITY OF CA



22 [ Mechanics of Marine Vehicles

The density of the surface waters has a single minimum at the equator corres-
ponding to the maximum temperature there but shows only a dlight dependence on
salinity. Cooling, evaporation and ice formation all tend to increase density. There
is a significant correlation between the salinity of surface waters and the rates of
evaporation and precipitation. The zonal influence showing mean longitudinal
variations is shown in Fig. 2.8. The maxima at 30°N and 30°S are located near
regions of high pressure in the aerosphere where clear skies and the trade winds
increase salinity as a result of heating and evaporation.

The variation of physical properties with ocean depth is extremely important to
the designer of marine vehicles and ocean structures, and so we shall now examine
these in some detail.

(a) Pressure

The pressure at a point in a stationary fluid resuits from the weight (a gravitational
force) of the overlying material and depends, therefore, on the fluid density and the
height of the column of fluid (or fluids) above the location considered. Suppose we
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take the air—water interface as a datum for pressure. The pressure there, arising
from a column of air extending radially outwards from the interface to outer space,
is about 10° Pa, Pressure will thus decrease from this value with altitude but increases
with depth in the hydrosphere. The pressure gradients are quite different, however,
due to the large and virtually constant density of water. We can say with reasonable

that p i with depth in water at the rate of 10° Pa (about
one atmosphere) for every increase of 10 m. Thus, at a depth of 10 m the pressure
is 2 x 10° Pa, at 100 m the pressure is 11 x 10° Pa = 1.1 MPa and at the bottom of
Challenger Deep (about 11km) the pressure is approximately 110 MPa or 1100
atmospheres!

In addition to the effects of solar radiation on the temperature and density of
the oceans, adiabatic compression or expansion takes place if a sample of water is
moved away from or towards the interface. Both the temperature and density of
the water change, the extent depending on the salinity. A valid comparison between
the various properties of the ocean which may initiate motion must take account of
adiabatic processes and this raises the concept of a porential magnitude to comple-
ment the corresponding in situ magnitude. For example, if water of salinity 3570
at an in situ temperature of 4°C were raised adiabatically to the surface from a
depth of 4 km its potential temperature would become 3.59°C. The temperature
change with depth resulting from an adiabatic process is approximately 0.1 Kkm™—1,
although in practice the effect is nonl [3]. Similar cc apply to changes
of density with pressure. For sea water of constant temperature 0°C and uniform
salinity 35700 the insitu density isabout 1046 kg m™? at a depth of 4 km, whereas .
the porentrial density (at the interface) is about 1028 kgm >,

(b) Temperature

Below the surface the ocean can be divided into three zones according to the vertical
distribution of temperature as shown in Fig. 2.9. There is an upper zone of depth
50-200m with a temperature similar to the surface value as a result of continuous
advection, Below this, extending to depths of 500—1000 m, is a region of rapidly

Mixed layer y Winter =, l" <'J\
! ;
soaf- Main T B i T % 5]
_ thermocline (summer) o=
£ zone
K
g
1000} - = = - -

(L) t le)

10 20 !E -5 0
Fig. 2.9 Variations of temperature with depth; (a) low latitudes; (b) middle latitudes; (c) high
latitudes.
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d perature called the h line zone (the depth at which the temper-
ature gradient is a i is called the th line. Finally, a deep zone exists
where the temperature is practically independent of depth.

Although the depth limits of the thermocline zone are often difficult to deter-
mine accurately it is accepted that a thermocline is always present at depths between
200 and 1000 m in the low and middle latitudes. In high northern latitudes there is
often a dicothermal layer of very cold water, possibly at a temperature as low as
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Fig. 2.10 Typical seasonal variation of temperature with depth in North Pacific Ocean.
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—1.6°C, sandwiched between the warmer surface water and the deep waters at
50-100 m below the interface (Fig. 2.9). The thermocline zones are highly stable
and outweigh the effect of salinity in the determination of sea-water density. These
zones thus separate the surface waters from the deep waters.

A typical seasonal distribution of temperature for a location in the eastern North
Pacific Océan is shown in Fig. 2.10. From March to August the temperature increases
gradually owing to the large absorption of solar radiation and hence a constant-
temperature layer is always in evidence down to about 30 m. After August there is
a net loss of heat from the sea and the effect of continuous winds is to reduce the
seasonal thermocline until the constant temperature condition of March is ap-
proached. Note that the overall variation of temperature is about 9°C, whereas a
typical variation on a continental land mass is commonly 20°C or more.

(c) Salinity
The variation of salinity with depth cannot be explained as easily as the temperature
distribution. In the upper waters of the open oceans the major factor determining
the vertical stability of a body of sea water is the density, which is influenced prim-
arily by temperature (except in the polar regions). Hence, water of higher temper-
ature (lower density) is found in the upper layers and water of lower temperature
(higher density) is present in the deeper layers. The variations of salinity are not
sufficient to overcome the effect of temperature on density and it is thus quite
possible for the upper, warmer layers to have high or low salinity.

Typical distributions of salinity are shown in Fig. 2.11 for the Atlantic and
Pacific Oceans. The region of rapid change in salinity is called the halocline zone.
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Fig. 2.11 Variations of salinity with depth: (a) Atlantic Ocean; (b) Pacific Ocean.
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In the tropics a salinity maximum is often detected below the constant-salinity top
layers owing to the intrusion of a thin layer of the highly saline and slightly denser
water in the subtropical areas (Fig. 2.7) which flows towards the equator.

(d) Density

Natural systems seek an equilibrium state of minimum energy and accordingly it is
found that the waters of greatest dcnszry occur at the greatest depths. The density
of a fluid d ds on its p ¢ and, in the case of sea water, slightly
on salinity. To date it has not proved possible to make direct measurements of
density in situ with the necessary precision; instead they are calculated from the
equation of state of sea water (although even this cannot be formulated precisely).
However, in situ measurements of density may give a misleading explanation of the
dynamic behaviour of the oceans,

Noting that the ocean density always lies between 1020 and 1055 kg m™2, let

0Oy t,p = (relative density — 1) x 1000

The subscripts s, t, p refer to corresponding values of salinity, lemgemure and
pressure to yield the in situ density, Thus, for a density of 1028 kg m™~ we have

i (ig;s]ﬂ = 1) X 1000 = 28.0,

The potential density will be represented by 0, ¢ o because the surface pressure can
be considered as zero gauge. Provided we are concerned with bodies of water which
do not change depth too greatly, the adiabatic change of temperature can be
neglected and the temperature and salinity can be taken as those in sifu. For most
applications gy,1,0 is used and this is generally abbreviated to o,.

Figure 2.12 shows that o; is nearly uniform in the shallow surface layers of the
equatorial and tropical regions. There is then a rapid increase in density and depth
(the pycnocline zone) to about 2 km and thereafter o, increases very slowly to a
value of about 27.9 irrespective of latitude. At high latitudes, where o is 27.0 or
more at the surface, the pycnocline is less evident and is, in fact, absent in the
polar oceans. The temp trolled py 1i 3 a stable layer which
offers an efficient barrier to the passage of water, salts and gases in a vertical direc-
tion. Any spatial variation of density takes place only in the presence of currents.
The cold, high-density surface water at high latitudes sinks gradually along constant-
density surfaces called isopleths inclined at some (small) angle to the air—water
interface. Deep ocean currents are thus formed which move towards the equator,

(e) Light Transmission
The optical properties of sea water influence the colour, the visual conditions and
the biological activity of the oceans. When sunlight reaches the surface of the water
some is reflected, the amount depending on the proportion of direct sunlight to
diffuse skylight. For a calm surface the fraction of the reflected direct light varies
from about 2 to 40 per cent of the total as the sun moves from overhead to low on
the horizon. On the other hand, about 8 per cent of the diffuse light is reflected
throughout the day. All of these quantities are to some extent affected by surface
waves but little quantitative data are available on this aspect,

When short-wavelength (0.4—0.7 um) solar radiation, that is, light, passes through
the surface of the sea it is either dispersed or absorbed. Dispersion (or scattering)
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Fig. 2.12 Variations of density with depth using oy variable.

simply involves an alteration of the direction of the light, whereas absorption results
in the conversion of radiant energy to internal energy with a consequent rise in
water temperature. The reduction in intensity which the light experiences on passing
through the water is called extinction. The rate at which light is absorbed in water
depends on the wavelength, asshown in Fig. 2.13, and the degree of extinction varies
with both depth and turbidity, as illustrated in Fig. 2.14.

The non-visual energy contained in the long-wavelength part of the spectrum,
say above 4 um, which accounts for about 1 per cent of the total energy, is absorbed
within one millimetre of the surface due to the very high absorption coefficient
of water at these wavelengths. Indeed, some 50 per cent of the solar radiation
entering the oceans is absorbed in the upper centimetre and 90 per cent in the
upper 40m of water. The least absorption occurs in the blue-green part of the
spectrum and thus light of this colour penetrates further. This is why the clear
oceans, free of organic and plant matter, are predominantly blue-green in colour
(see Fig. 2.13).

Figure 2.14 shows that in the clearest oceans most of the solar radiation is
absorbed and thus extinction is complete at depths greater than about 100 m,
whereas a depth of 10 m is more applicable to turbid coastal waters. Evidently, the
work of frogmen and divers is severely restricted by the limited visibility even when
powerful artificial light sources are available. Nevertheless, in clear ocean water
there is usually enough light at 50—100 m to permit a diver to work effectively.

() Sound Transmission
Whereas electromagnetic (light) energy in the visible spectrum is attenuated less
than mechanical (sound) energy in the atmosphere, the reverse is true in the sea.
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Fig. 2.13 Light absorption in water.

Indeed, water is a very efficient medium for the transmission of sound and the
velocity of propagation of sound waves is about 4.5 times that in air (see Table 2.2).
As a result of this disparity between the propagation velocities only a small amount
of sound energy starting in air, for example, will penetrate the interface into water,
in contrast to the relatively easy passage of light across the interface, It is thus not
possible for conversations to take place directly belvm:n sy, a !ubmcrg:d dlvcr
Il'ld 1he crew of a support ship. However, submerg; ] d in

hyd: or ech ders, are used both to receive and transmit sound energy,
and n is these devices that are used extensively to determine the depth of the oceans.
At smaller ranges of depth echo-sounders can be used to detect submarines and
shoals of fish,

Submarines carry a number of sonar (sound navigation and ranging) devices
each of which may comprise many transducers in the form of an array. In order to
avoid detection by other submarines, ships, sonobuoys and so on, the submarine
usually adopts a passive, listening role. On-board computers record on magnetic
tape and process the signals resulting from the conversion of mechanical vibration
to electrical output by the piezoceramic material forming the body of the transducer.
Detection and classification of the source of the noise may then be carried out. If
the source is of interest and needs to be investigated its range may be obtained by
measuring the time taken for an echo to be received from the source following the
emission of an active short pulse of sound energy. The direction of the source
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Fig. 2.14 Extinction of Light in water.

relative to a listening submarine may be found from a sonar array by arranging for
the transducer to have (electrically) a variable sensitivity. It is possible to ‘sweep’ a
wide area using a time-delay circuit and the maximum response from the beam
formed by the array corresponds to the direction of the source. The subjects of
sonar design and signal processing have becume exceedingly mph.ulmlud in recent
years and are quite beyond our scope here. | ,a comprehensive introd

to underwater noise in relation to ships and :ubmnrines is given in [6].

The propagation velocity of longitudinal waves in an elastic liquid is given by
a=(K/p)'/2, where K rep the bulk modulus of elasticity and p the density
of water. As both K and p depend upon perature, salinity and p then so
does a. The value of a for sea water mcrenen by apploxlmately 4ms! per degree
Kelvin rise in temperature, by 1.5ms™" per 170 increase in salinity and by
18m s~ per 1km increase in depth. Taking into consideration the variations of
temperature and salinity with depth it is not surprising to find a pronounced mini-
mum value of g at some depth. This depth of minimum velocity varies from about
1km in low and middle latitudes to practically zero in polar regions. Figure 2.15
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Fig. 2.15 Sound-wave velocity variations with depth.

shows some typical vertical distributions of lateral sound wave propagation velocity
for different seas of the world oceans [5].

Owing to the dependence of physical properties on depth, refraction of sound
waves will occur. This is why it is difficult to form sound images in the oceans — a
situation analogous to the blurred view seen through hot air rising from a radiator
or though the exhaust from a jet engine. However, sound waves transmitted at the
depth of minimum velocity of propagation tend to stay at that depth because
refraction takes place from above and below. This property is referred to as a sound
channel (see Fig. 2.16) and use is made of it by the sofar (sound fixing and ranging)
technique. Low-frequency sound waves from an underwater explosion, for example,

Vetity —+ Aurge —a-

Fig. 2.16 Formation of a deep sound channel.
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may then be detected after travelling many thousands of kilometres. A ‘fix’ on the
source of the explosion may then be obtained by triangulation using records from,
say, three receiving stations at known locations. Similarly, sound waves produced
by a submarine may be refracted downwards so that a listener at the surface some
horizontal distance away will hear nothing, This is one reason why submarines dive
deeply into the sound channel when attempting to avoid detection. But as a result
they are surrounded by shadow zones which reduce the effectiveness of their own
receivers and transmitters. High frequencies are rarely used for underwater sound
propagation because, as with light energy, low il hs are readily absorbed.
Nevertheless, it is sometimes necessary to use frequencies of 100—-200 kHz to
improve resolution and reduce the effects of scattering, but this often entails a
reduction in the penetration produced by echo-sounders. It is interesting to note
that the ambient noise present in the oceans is predominantly at low frequencies,
that is, below about 1 kHz [7].

2.4.6 Stratification

The variation of physical properties with depth in the oceans has been represented
by smooth curves fitted to experimental points. In fact the sea has been found to
exist in a strongly stratified state consisting of horizontal layers of water of uniform
properties. For example, temperature and salinity may change abruptly from one
layer to the next in increments of about 0.01°C and 0.1%:. respectively, but remain
constant within the accuracy of measurement inside each layer. This situation arises
from the stratification of a vertical water column into a stable state of increasing
density with depth bined with the depend: of density on temperature and
salinity,

The oceans may, however, be conveniently divided into three regions which result
from the rapid extinction of solar radiation together with wind-induced mixing
(advection)

(i) the surface zone: saturated, warm, well-lighted, less dense, more saline water;
(ii) the pycnocline: the density gradient is such that a very stable layer of water
is formed and acts as a barrier to vertical movements of water and organisms; and
(iii) the deep zone: dark, cold and independent of local events occurring at the
surface.

2.5 Characteristics of the Dynamic Model

We have mentioned already that equilibrium conditions throughout the oceans do
not prevail and that movement can occur even at great depths. The main disturbing
forces are:

(i) external forces acting at or near the boundaries arising from thermal and
mechanical actions; and

(ii) internal forces developed by the gravitational fields of the Sun and Moon
which produce tidal motions.

From these influences we can identify two, more or less independent phenomena,
namely currents and deep-ocean circulation, Through ease of observation most data
have been accumulated from the surface currents, and as these are brought about
by the interaction of wind and water at the interface we must examine motions in
both the atmosphere and hydrosphere.
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2.5.1 Motion of the Atmosphere

The atmosphere absorbs solar r in small over large di and in
doing so the rate of heat generation is slight. However, the rate of absorption by
land and sea is rapid and consequently these surfaces are heated. The temperature
of the air in close proximity to the Earth is then increased which results in a reduc-
tion of density. Buoyancy forces induce the low-density air to rise into the atmos-
phere and a convective circulation current is produced, From these observations it
would be natural to conclude that near the equator, where the Earth is at its highest
temperature, air would rise, while at the poles the cool air would approach the
surface. Large circulation cells, one in each hemisphere and moving in the opposite
sense, could be anticipated, and indeed were described in 1735 by George Hadley
(see Fig. 2.17). The north—south circulation provides the energy to induce winds;
easterlies and westerlies result from the deflection of the basic motion by the
Earth’s rotation.

However, recent measurements of wind direction at ground level and at high
altitude have shown that this model is too simple, Certainly in the lower atmos-
phere (troposphere) the general circulation of air takes on a pattern similar to that
shown in Fig. 2.18. Also shown in this figure are the principal areas of high and low
atmospheric pressure at the Earth's surface, although, as we shall see later, these
areas are broken up into slowly traversing regions. The nature of the air flow
outside the edge (tropopause) of the troposphere, that is in the stratosphere, has
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Fig. 2.17 Hadley model.
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not yet been fully investigated or explained. It is known that large, so-called jer
streams occur there, or just inside the tropopause, which comprise belts of air
travelling at speeds often approaching 150 m s—!1. There is little doubt that eddies
from these jet streams often initiate storms which influence weather conditions
close to the surface of the Earth. High-flying aircraft have sometimes used the jet
streams efTectively to gain a tail wind and thus reduce flying time and fuel consump-
tion,

There are three main circulation cells in each hemisphere: the two smaller ones,
at high and low latitudes, conform with Hadley’s suggested directions of motion,
whereas the large circulation cell in the middle latitudes moves in the opposite
sense, Rotation of the Earth causes the air in the cells to be deflected from the
north—south direction. The relative effect increases as the poles are approached but
is zero at the equator. This is known as the Coriolis effect, and to an observer on
the Earth any object moving at the surface experi an leration perpendicul
to its direction of motion. Deflection to the right occurs in the northern hemisphere
and to the left in the southern hemisphere, as shown in Fig. 2.19. Furthermore, a
body moving in a curved path will experience a centripetal acceleration towards the
instantaneous centre of curvature of the path and, for real fluids, a shear stress
owing to the relative motion between adjacent layers. These additional factors
modify the Coriolis effect but the sense of the deflection remains.
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Combining the Coriolis effect with the circulation cells in Fig. 2.18 shows that
surface wind directions conform to the observed easterly winds at 5—25° latitude,
westerly winds at 35—55° and polar easterly winds at 60—85°. In the equatorial
region of 5°N to 5°S there is a belt of low pressure; air streams converge and rise
and the surface winds are light and variable, often inducing cloudiness with a heavy
rainfall. This region is often referred to as the doldrums, although a better descrip-
tion would be intertropical front or convergence zone. The trade winds (so named
by early mariners for their reliability in trading ventures) blow from the south-east
in the southern hemisphere and from the north-east in the northern hemisphere
and both converge onto the equatorial belt, The origin of the trade winds is in the
horse latitudes where high pressure prevails as cool air descends from the upper
troposphere, This is another surface region of calms or variable winds accompanied
by clear skies. (In the days of sailing ships it was in these latitudes that horses were
thrown overboard to lighten a ship if it were becalmed too long!) The cells into
which the high pressure is divided are generally quite well defined over the oceans.
At the poles air is cooled and becomes denser thus causing an inflow of air at high
altitude. Near the surface there is a migration of air from the high pressure at the
poles to the low-pressure subpolar front where it again warms and rises to complete
the polar cells. Coriolis effects result in the surface winds being north-easterly in the
northern hemisphere and south-easterly in the southern hemisphere although these
are generally called polar easterlies. The subpolar, high- and subtropical, low-pressure
belts induce motion in the mid-latitude cell which deflect the surface winds to form
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the prevailing westerlies. The surface winds for January and July are shown in
Figs. 2.20(3) and (b) together with the main regions of high and low pressure.

The westerlies and polar easterlies converge at the polar fronts and the great
difference between the temperatures of these air streams gives rise to cyclonic
storms or lows, The prevailing direction of these cyclonic zones is westerly, although
the strong winds within the storms may blow in any direction. Land masses disrupt
the westerlies in the northern hemispk and so, for le, the British Isles and
the north European coast experience a continuous sequence of cyclones throughout
most of the year. In the southern hemisphere there are few land masses to affect
the progress of the westerlies and this fact, combined with the large longitudinal
pressure gradient, gives rise to strong and persistent winds. According to latitude
these were, and still are, referred to as the ‘roaring forties’, the ‘howling fifties’ and
even the ‘screeching sixties'.

The triple-cell configuration illustrated in Fig. 2.18 requires an input of kinetic
energy to support the east-west winds. It has been suggested [8] that this energy is
supplied to the wind systems by large rotating masses of air in the form of either
cyclones or anticyclones.t The generation of a cyclone in the northern hemisphere
is depicted in Fig. 2.21(a) which shows the view looking towards the surface of the
Earth. The polar easterlies often thrust down into the mid-latitudes in a fairly
irregular manner and an interface between cold and warm air forms, for instance
over the Atlantic Ocean, between the easterlies and the warm westerlies. The inter-
face is unstable as a result of the effects of friction and the differences in density of
the two air streams and a wave-like flow pattern is created. Low pressure develops
at the crest of the wave front because the warm, humid, low-density air rides over
and is replaced by the cold, dry, dense air. The warm, moist air rises to form pro-
gressively heavier cloud until saturation is reached and intense precipitation occurs
(see Fig. 2.21(b)) accompanied by strong winds. The winds blow into the low-pres-
sure centre and so in the northern hemisphere the Coriolis effect causes an anti-
clockwise motion. There is thus developed a ‘low’, or storm centre — a cyclone —
which may be occluded from the frontal system. Examples are seen on most weather
maps of the mid-latitudes.

The colder air masses have lower vapour content and will thus exhibit well
defined areas of high pressure usually referred to as anticyclones. An anticyclone
is essentially the opposite of a cyclone; at the centre is a region of high-pressure,
descending air which gives rise to an outward velocity. Again the Coriolis effect
alters the direction to form a mass of air rotating clockwise in the northern hemis-
phere. In the mid-latitudes, therefore, the continuous progression of wet ‘lows” is
accompanied by a series of adj dry *highs’. Anticyclones trangate quite slowly
and are generally oval-shaped and large in area, whereas cyclones are normally
smaller and often circular. The rate of progression of a cyclone varies, but on average
it is about 10-15ms™" and provided that the discontinuity in temperature and
moisture content is maintained along its fronts the cyclone will persist. If the
cyclonic area is broad and shallow it is called a trough of low pressure.

In addition to the preceding ‘extratropical’ cyclones a further series of ‘tropical’
cyclones are found along the region of the intertropical front. Owing to the lack of

1 These, it seems, are influenced significantly by the jet streams progressing towards the equator.
+ A warm front is indicated by a line joining semicircular symbols (often coloured red) and a
cold front by a line joining triangular symbols (often coloured blue).
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Fig. 2.21 Development of a cyclone in northern hemisphere: (a) radigl view.

great contrasts in temperature the tropical cyclone tends to be less specific in size,
shape and wind system. Nevertheless, over tropical oceans relatively small, and con-
sequently extremely intense, cyclones do develop. These are variously called hurri-
canes, typhoons or cyclones (not to be confused with the normal, low-pressure
cyclones) and do not occur in the South Atlantic as the intertropical front does not
extend far enough south.

The energy of a hurricane increases with the abundance of moisture in the air
which releases its latent heat on entering the low-pressure ‘eye’ before rising and
causing torrential rain. The diameter of a typical hurricane is 150—1000 km and
increases as movement away from the low latitudes takes place. It is difficult to
record accurately wind speeds in a hurricane but certainly values in excess of
65ms~! (150m.p.h.) occur and gusts have been estimated tobe as high as 110 m s™"
(250 m.p.h.). The relatively calm ‘eye’ at the centre of the storm may be 10—50 km
in diameter and at a pressure as low as possibly 90 kPa and exceptionally 85 kPa
compared with normal pressures of about 101 £ 1 kPa.t Consequently, ocean water

1 Meteorologists tend to use 2 unit of pressure called the bar (b) (= 10* Pa) although it is not
an approved SI unit, Thus, 0 kPa = 900 mb and so on.
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Tropopause

Rain
Section on AA: general movement lefi to right

Tropopause

Section on BB: general movement left to right
Fig. 2.21 (cont.) (b) view on sections AA and BB.

below the hurricane tends to be elevated from the datum level and the winds also
tend to raise the water as the storm zone translates. At sea a good indication of an
impending violent storm can be obtained by observing low-frequency, long-wave-
length swell quite distinct from ordinary deep-ocean swells. Satellite weather
stations can now detect hurricanes and typhoons as they form and give advance
warning. However, a hurricane follows an erratic path, and even now considerable
coastal damage to property and life is caused by the combination of piled-up water
in the form of a ‘storm tide” and the strong winds.

The most violent storms in the mid-atitudes are tornadoes or twisters [9]. The
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tornado is a tight cyclonic whirl a few hundred metres in diameter at the ground
with a centre of extremely low pressure (e.g. B0 kPa or even as low as 75 kPa) in
which speeds of 90-150m s™! are quite common. Tomadoes are formed in the
warm sector of cyclonic systems just ahead of the cold front where cold air is over-
running aloft. They usually travel parallel to the cold front towards the centre of
low pressure at a velocity of some 25m s~ with periodic short intervals at rest.
Over the sea, tornadoes form water spouts and these occur most frequently where
cold continental air pushes over warm water, such as that off the east coasts of the
United States, China and Japan and occasionally off the coast of Britain. When in
contact with the surface a water spout picks up some spray, but its funnel is com-
posed primarily of condensed water vapour in the low-pressure core.

Apart from local, and sometimes severe, perturbations of the basic pattern of the
atmospheric circulation there are other large-scale seasonal effects such as the mon-
soons of India and China. A full discussion of monsoons and other seasonal factors
may be found in [10].

When a wind blows, particles in contact with a surface have no velocity relative
lo that surface as a rexu!t of friction. However, above the surface the wind velocity

ically to the prevailing mainstream value. The velocity profile
within this rather thin region is shown in Fig. 2.22 and is similar to that for a turbu-
lent boundary layer over a flat plate set parallel to the oncoming flow. Wind speeds
are usually measured at a standard altitude of 10 m above the local land or sea
surface and are often quoted in terms of the Beaufort Scale, which is shown in
Table 2.3. The scale is not accurate enough for detailed work but it provides a

U lin the mainstream flow)

Height above surface (m)
=
T

Wind speed ratio, u/U
Fig. 2.22
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Table 2.3  The Beaufort Scale.

The Ocean Environment [ 41

Wind Mean
Number  speed Wind wave Noticeable effect At sea
at1l0m description height  of wind on land
&mh~1) (m)
0 <2 calm none smoke vertical; surface mirror
gs sti smooth
1 2-5 light air <0.5 smoke drifts; ripples; no foam
vanes static crests
2 5-11 light brecze 0.5 wind felt on face; waves are short
leaves, Mags and more
rustle; vanes move  pronounced
3 11-19 gentle breeze 1 leaves and twigs crests begin to
in motion; light break
flags extended
4 19-30 moderate breeze L5 raises dust; moves longer waves;
small branches many white caps
5 30-40 fresh brecze 2 small trees sway pronounced waves;
white caps
everywhere
6 40-50 strong breeze 3 large branches large waves;
move, telephone  extensive foam
wires ‘sing” crests
1 50-60 moderate gale 4 whole trees in sea heaps up;
motion foam blows
8 60-75 fresh gale 5 twigs break off; waves increase;
progress impeded  dense foam streaks
9 75-85 strong gale 6 chimney pots higher waves; foam
removed clouds
10 85-100 whole gale 7.5 trees uprooted; long hanging
structural damage  crests; great foam
patches
11 100-120 storm 8.5 widespread ships hidden in
damage troughs; air
filled with spray;
sea covered with
foam
12 120 hurricane >8.5 countryside ships swamped;
devastated sea a maelstrom

dramatic description of the winds and is sufficient for many purposes. When the
scale was proposed by Admiral Beaufort in 1806 no ship was considered capable of
withstanding hurricanes. However, such limitations now have less significance as
efforts are made to explore the nature, and predict the behaviour, of such extreme
weather conditions. Present practice by the designers and operators of marine
vehicles favours the use of sea states to describe the prevailing conditions.

The dynamic description of the atmosphere is seen to be one of rapid and exten-
sive movement which is influenced by the interaction between the land and the sea.
Disturbances of the mean circulatory motions are thus frequent and often severe.
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2.5.2 Motion of the Hydrosphere

The hydrosphere differs from the atmosphere in two major respects, First, apart
from the exceedingly small amount of heat conduction from the bottom, the
oceans are surface-heated whereas the atmosphere is bottom-heated. As a result,
large-scale convection currents arising solely from temperature differences do not
take place in the hydrosphere. Secondly, the greater density of sea water (about
850 times that of air) implies the need for larger forces to induce motion while
the greater viscosity of water (about 100 times that of air) requires large forces to
maintain the motion, C quently, mo’ in the hydrospt are more slug-
gish than those in the atmosphere. Nevertheless, just as high-speed jet streams in
the upper atmosphere influence conditions close to the Earth’s surface so do the
slow, but extensive, deep-ocean (abyssal) currents, The interaction between surface
and deep layers and the general fluid dynamics of the oceans require an analysis too
complicated to be dealt with here [11]. We shall therefore be content to give a
simple description of the major characteristics.

(a) Flow in the Upper Waters of the Oceans

A description of the surface currents of the oceans can be divided into the overall,
average features, which are taken over a long period of time and are part of the
climatic circulation, and random, short-term variations, which form a synopric
picture of day-to-day conditions. Precisely the same division can be made for the
aerosphere, but in this case synoptic features can change dramatically within a few
hours whereas alterations in surface currents will not be noticed for several days or
weeks. A climatic map of some part of the oceans would indicate the average path
of a particular current but on any particular day the flow path may be as much as
150 km off this course.

Figure 2,23 shows the principal surface currents which are induced primarily by
wind-induced shear forces at the surface. When allowance is made for the influence
of the land masses and the Coriolis force, the permanent surface-water currents
generally coincide with the permanent wind pattern (shown in Figs. 2.20(a), (b)).
This climatic map is of value in a study of long-term effects such as erosion, trans-
port of particulate matter, organisms and animal life, and the effect on overall
climate, but a synoptic map is of more value to navigation. An example of a synoptic
variation in the direction of a surface current is provided by the Kuroshio which
flows along the west coast of Japan. Careful monitoring of velocity and position
every three months showed that on several occasions part of the current deviated
from the ocean path by as much as 3° of latitude over a two-year period. No fully
acceptable explanation has yet been put forward for this odd behaviour.

The absence of land masses causes the westerlies in the lower latitudes of the
southern hemisphere to induce east-bound currents known as the West Wind Drift,
Similarly, the trade winds induce west-bound equatorial currents but these are
obstructed by the main continents. There is no circumpolar westerly drift in the
northern hemisphere but instead very large circulation currents (or ‘gyres’) are
maintained in the North Atlantic and North Pacific Oceans. Currents such as the
Gulf Stream, generated at the western boundary of the North Atlantic Ocean, and
the Kuroshio (Japan Current), along the western boundary of the North Pacific
Ocean, are the limits of two major gyres. Table 2.4 shows the estimated average
volume transport of water and the average surface velocity in the core of the stream
for some of the principal surface currents of the oceans. The mean velocity in the
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Table 2.4  The main ocean currents.

Current Volume transport Velocity
(10* m* s~' )yt (mg*)
Gulf Stream 3B-55 1.2-14
exceptionally 2.5

North Atlantic Drift 10-14 0.1
Labrador 56 0.1
South Equatorial

(Nowing along the Guiana Coast 6 0.5-1.0

into the Gulf Stream)
Brazil and Benguela a5 0.3-0.5
West Wind Drift 125-175 0.1-0.3
(Near Drake Passage) 15 0.1-0.5
Peru (Humboldt) 10-15 0.3-0.5
South Pacific Equatorial 20-30 0.3-0.7
Pacific Equatorial Counter 40 1.0
Cromwell 40 1.5
Morth Pacific Equatorial 45 0.2-0.3
Kuroshio (Japan) 35-70 0.7-1.1
North Pacific Drift 15-20 0.1-0.2
California 10 0.1

T The unit 10* m® s—' is often called, in the present context, the Sverdrup (Sv) after the
oceanographer H, U, Sverdrup.

clockwise gyre of the North Atlantic Ocean is about 0.2—0.3 m s™" and so water in
it takes approximately 3 years to complete one circuit.

Below the South Equatorial Current at the equator there flows an equatorial
undercurrent known as the Cromwell Current which remained undetected until
1952 [12]. It consists of a thin ribbon of water some 200 m thick and about
300—400 km wide and is believed to flow easterly from off the New Guinea coast to
Ecuador, a distance of 12000 km or more. The core has been found to lie between
depths of 10—-100 m and may even break surface at times in the eastern Pacific. It
is remarkable that a current with a thickness-to-width ratio of less than 1/1500
should persist for such great distances. Although this may be considered the largest
equatorial undercurrent others have been found in the eastern Atlantic and Indian
Oceans. Furthermore, at a depth of about 500 m another undercurrent, flowing
westwards, has been discovered below the Cromwell Current. Clearly the vertical
structure of water movement in the upper layers of the Pacific equatorial region —
and probably elsewhere — is rather complex. Much is still not understood about
the generation of surface currents, counter currents and undercurrents, or the
interaction between them.

There are several interesting mechanisms by which currents and circulations can
be generated in the upper layers of the oceans [13] and we now consider some of
them,

(i) Ekman Spiral. When a wind blows over the sea a force on the surface results
from the combination of frictional shear stress there and any surface pressure
gradient in the atmosphere. The force is in the direction of the wind but the surface
water will be deflected to the right in the northern hemisphere (to the left in the
southern hemisphere) by rotation of the Earth. The *horizontal’ momentum of the
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surface waters is transmitted downwards by the presence of viscous stresses. The
development of this circulation system was first investigated by V. W. Ekman in
1905 for flow in a homogeneous ocean of infinite extent and constant eddy viscosity.
Regardless of wind strength his theory predicted the surface current and the net
movement of the mass of water to be at 45° and 90° respectively to the wind direc-
tion. Observations suggest a surface deflection of 20 —50° and this applies also to
the drift of polar pack ice.

For the sake of defini ppose a wind is blowing due north in the northern
hemisphere over an ocean which may be thought to consist of a vertical stack of
thin horizontal layers. The surface water will experience a frictional force to the
north and a Coriolis force to the east giving a resultant force, and thus motion, in a
direction 45° east of north, say. This layer will thus exert a frictional force 45° east
of north on the layer of water below it, but again the Coriolis force will cause a
further easterly shift of this layer. Moreover, the velocity of the top layer will be
less than that of the wind and the second layer will have a velocity lower than the
top layer, and so on. Indeed, it can be shown that in a real fluid the velocity of the
layers will decrease exponentially with depth and thus the angular shift in the direc-
tion of each layer will also decrease. Using a vector representation for the velocity
of each layer it can be seen, in Fig. 2.24, that the projection of the vectors on a

Fig. 2.24 Ekman spiral.
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horizontal plane produces the so-called Ekman Spiral. According to this theory a
depth D should be reached where the wind-induced velocity is reduced to near zero
in a direction 180° from the surface current. This is known as the ‘depth of frictional
resistance” and for a wind of 7m s~ it is about 180 m at a latitude of 5° and,
because the Coriolis force is greater, 60 m at a latitude of 50°.

(ii) Upwelling. A wind blowing northwards, for example, along a western coast in
the southern hemisphere would cause, on the basis of the Ekman motion, a net
movement of water offshore. This must be replaced by an inshore upward move-
ment of water from below the Ekman Spiral inducing a local vertical circulation cell.
Similar considerations can be given to the equatorial currents. The upwelled water
is usually cooler than the surface water, an effect which leads to a reduction of local
land and air temperatures which encourages the formation of fog.

(iii) Geostrophic Currenrs. These surface currents are induced by a combination of
wind and gravitational effects. The prevailing winds in the North Atlantic Ocean,
for example, form a virtually closed system. The resulting Ekman layers transport
water towards the Sargasso Sea where it ‘piles up’ into a low hill about one metre
high. Gravitational forces then tend to induce a flow ‘down the hill’, but again a
Coriolis acceleration influences the motion. In the absence of friction these two
accelerations must cancel for steady motion. Equilibrium prevails only if the water
flows around the elevation in the sea’s surface, the velocity of motion being greater
on that part of the surface with the steeper slope. Similar circulations at constant
height will occur if the surface of the ocean is depressed. Friction reduces the
circulatory velocities and produces a downward drift of water towards the lower
levels thus tending to eliminate the surface rise or depression,

(b) Deep-ocean Circulation

The preceding explanation of wind-driven (advective) currents does not fit with
the observed vertical distribution of water properties along the surface route. To
account for this and other objections to the exi of surface only we
require gn explanation of deep-ocean circulation. This circulation is a convective
(thermohaline) circulation arising primarily from the effects of temperature and
salinity on density. The density of sea water increases with cooling and so sinkage
may occur which results in the displacement of the deeper water. The thermohaline
circulation can develop either directly from this cause or indirectly when ice is
formed and the salinity of the remaining water increases. In the North Atlantic
Ocean cooling is the dominant effect, whereas freezing takes precedence in the
Antarctic Ocean. In each case the sinking water flows slowly along the continental
shelf, down the continental slope and then becomes an abyssal current close to the
ocean floor. The ‘Antarctic Bottom Waters’ flow round the polar continent to mix
with adjacent water masses before flowing northwards, to the east of Australasia,
Asia and Africa, to fill the deep basins of the Pacific, Indian and South Atlantic
Oceans. This water is typically at atemperature of —0.4°C and a salinity of 34.66%s0.
Antarctic waters are somewhat more dense than the southerly flowing Arctic waters
and when these meet the northern water flows over the top of the southern water.
A large-scale mixing process takes place in the South Atlantic Ocean off the east
coast of South America. A comparison [14] between the surface and deep-ocean
circulations for the Atlantic Ocean is shown in Fig. 2.25. After sinking below the
surface, the bottom waters are isolated from the atmosphere and solar radiation for
possibly 500 to 2000 years,
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N
] Atlantic Ocean

Fig. 2.25 Ocean circulations: (a) surface water; (b) deep water.

(c) Ocean Waves

The distortion of the air—ocean interface into both regular and irregular waves isa
matter of common observation. Waves induce a mixing action near to the interface
and this B poration and i d gas solubility. Winds and changes in
b ic p in the atmosphere provide the source, while the waves provide
the means of energy transfer to the surface layers of the oceans. The regular tidal
rise and fall of the still-water level of the sea is commonly seen on most coastlines.
We will now examine these wave systems.

(i) Wind-generated Waves. The precise mechanism of wave generation by wind
forces is not fully understood but it is thought that the initial capillary waves play
an important role. These waves first develop as ripples less than 10 mm high and
are produced when a wind blows over a still-water surface. They tend to move with
the wind and are very numerous but short-lived. The size of the larger gravify waves
depends on the wind speed, its duration and its travel (or fetch).

Let us consider first a simple, idealized train of waves in the open ocean such as
that portrayed in Fig. 2.26. The wave train is seen to consist of a regular succession
of consecutive crests and troughs; no resultant bulk transport of water takes place,
only the disturbance is propagated. The velocity of propagation ¢ of a wave train is
the ratio of the wavelength X to the wave period ¢, where the latter is the time
required for two consecutive crests (or troughs) to pass a point fixed in the Earth.

Observation of a small, freely floating body (not necessarily at the surface)
reveals that it moves forward with the oncoming crest and then backward into the
following trough until it retums to its original position. In deep water the motion is
almost circular and the distance travelled by the body in the wave period is nff,
where H is the wave height. As ¢ =)/t and the average speed of the body at the
water surface is » = nh/t then the ratio v/c = nH/\. There is no specific relationship
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Wave motion
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Fig. 2.26 Deep-water waves.

between H and X although invariably wave heights are much smaller than wave
lengths. When waves are too high they become unstable and the crests begin to
break. A theory, put forward by Stokes [15], suggests that instability occurs when
H{\>1/7, a prediction reasonably upheld in practice. An average wave in the seas
with, say, a height of 3 m and a length of 180 m has a mean velocity of water
particles of only about one-twentieth of the wave velocity. Thus for most conven-
tional displacement ships the orbital velocities have a small effect on performance
and are usually ignored, but this is not necessarily true of hydrofoil craft. Fig. 2.26
shows that the orbit di: s d (in theory exponentially) towards the
bottom. At depths greater than about one-half the wavelength the motion of the
water particles is negligible compared with, say, the cruise speed of a deeply sub-
merged submarine. Under these circumstances the passage of waves is of little
importance. However, even the small velocities at depth can be great enough to
alter the topography of the sea bottom and so could be an important factor in the
siting of harbours and jetties.

In our simple wave system suppose that the surface distortion is sinusoidal and
that the pressure over the interface is constant. It may be shown [15,16] that the
wave velocity is given by

oo Jo() em(22)) @

where k is the water depth measured from the still-water level. We now distinguish
between various depths of water and see how Equation (2.1) is modified. When
R\ (the subscript d implies deep water) is large, tanh(2mh/\y) - 1 and thus

e =ghaf2n 22
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or, since cq = hg/r, we may write

L

ca=go; T 23)
where f is the wave frequency. Bearing in mind that tanh = = 0.9963 corresponds to
hfdg =% we can say that Equations(2.2) and (2.3) represent, with sufficient accur-
acy, the propagation velocity for deep-water waves when #/Ag = 4. The velocity of
deep-water waves is thus proportional to the square root of the wavelength. In a
real ‘sea state’, wind-induced waves of different wavelengths move at different
velocities to form a ‘fully roused” sea.

1f we focus attention on a small area of sea we may observe the passing of a wave,
but if an attempt is made to follow it with the eye we soon find that it vanishes,
This is the result of the initial addition of a series of waves to form the crest, but as
each wave is, in general, of a different wavelength the consequent difference of
wvelocity will cause these same components of the series to run out from the crest.
Hence, sea waves often form a dispersive system.

We have seen that climatic conditions in the atmosphere generate regions of high
and low pressure which give rise to storms. Within the storms the sea is fully roused
and is largely a random process of propagating crests and troughs. However, on
travelling out of the storm (the velocity of the longer waves is usually greater than
the speed of translation of the storm) waves extend and become more regular to
form a swell. Unlike currents, waves suffer no effect from the Coriolis acceleration
as negligible net movement of water occurs. Waves therefore move in the direction
of the generating wind (which may be reasonably steady outside the storm area).
Long swell suffers little attenuation in deep water, even when a sustaining wind is
not blowing, provided that only light headwinds are encountered. Consequently,
the effect of a storm off the coast of New Zealand (or Florida) may be detected in
Alaska (or Cornwall). The energy of the waves is finally dissipated in turbulence as
the waves run ashore and break on a beach, this process giving rise to surf,

When hf\q is small the surface waves run into shallow water and so tanh(2rh/\q)
-+ 2mh{\g. Thus,

c? =gh (24)
where the subscript s implies shallow water. We now see that the wave velocity
depends only on water depth, Whereas deep-water gravity waves constitute a dis-
persive system, that is, the velocity for a given depth depends on the wavelength,
the shallow-water waves do not: instead all the waves propagate at a given velocity
irrespective of their individual wavelengths. The question now arises, ‘when can
water be regarded as shallow?’ To obtain an accuracy consistent with that adopted
for deep water the shallow-water depth must be defined by #/Aq < 1/200. But as
the accuracy of wave measurements is no better than 5 per cent, a practical limit
for shallow water is /ifAg < 1/20. Between this value and the deep-water limit lies the
region of intermediate depth and here the full equations defining the velocity and
other wave characteristics must be used. These points are discussed in detail in [15].
The orbital path of a water particle in shallow water (and in intermediate water) is
elliptical, as shown in Fig. 2.27, The ratio of the minor-to-major axis tends to unity
(circular orbit) near the surface but becomes zero adjacent to the sea bottom where
the particle simply oscillates parallel to the wave path.

As waves travel onto a beach or into shoal water the wave height, relative to the
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Wave motion

Still-water
leve| wr—— = - —

O\Faﬂicle orbits

77777777 777777 ubeten
Fig. 2.27 Shallow-water waves.

deep-water value, first d somewhat and then increases quite markedly. In
so doing the waves slow down, but as the period remains unchanged the wavelength
is therefore reduced. Just before a wave breaks it is much steeper than it was off-
shore and this often makes the launching of small craft difficult. Indeed, not only
an excessive wave height, but also the steepness of a wave can cause damage to ships
in the oceans and may even cause them to capsize. High-speed ocean currents, such
as the Gulf Stream and the Kuroshio, are notorious for producing steep confused
seas whenever the waves are against the current.

In deep water the simple wave system considered here contains kinetic and
potential energy in equal proportions. The total energy of a wave front can be
enormous, and using a simple theory it can be shown that a wave 3 m high and 150 m
long possesses a total energy of about 1.6 MJ per metre-length of crest. The effect
of shallow water on wave speed results in wave refraction and much of the total
wave energy is concentrated above the still-water level. This energy is then dissipated
by surf as it breaks on a beach and can be the cause of extensive destruction on
coastal features such as points, headlands and breakwaters [17]. For example, at
Wick in Scotland the end of a breakwater was capped by a block of concrete of
mass 8 x 10° kg and secured to the foundation by iron rods of about 90 mm
diameter. In 1872 both the capping and the foundation (a total mass of 13.5 x 10°kg)
were removed by waves. The structure was rebuilt and a larger cap of 26 x 10° kg
was added. In due course this too was removed by wave action.

The simple harmonic wave form discussed so far has the advantage that combina-
tions of such waves, displaying different heights and lengths, can be superimposed
to form an analytical description of the real sea. (In fact the surface waves at sea
form a random process as discussed in [18].) Observations of deep-ocean waves,
however, have shown that the surface distortion displays a sharper crest and a flatter
trough than a harmonic wave of the same height and length. A useful geometric
construction producing the required features takes the form of a trochoid. A
trochoidal curve is the locus of a point on a circular disc which is traced out when
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the disc is perpendicular to and rolls along the underside of a horizontal plane. The
wavelength is proportional to the radius of the disc, R, and the wave height is
proportional to the radial distance, 7, of the point from the centre of the disc. The
trochoid is not symmetric about the horizontal locus of the centre of the disc and
consequently the still-water level is somewhat below this locus (it may be shown to
be r?/2R). As with harmonic waves particle orbits below trochoidal waves in deep
water are circular with the radius decreasing exponentially with depth. This concept
of a trochoidal wave has been frequently used to assess extreme hydrostatic loadings
on ships as discussed in Chapter 3.

(ii) Tides. The tidal movement relative to the still-water level is usually between
0.5 and 2.0 m. Local geographical features can often produce larger variations
whereas a land-locked sea has virtually no tidal movement. Although the tides are
periodic they do not occur at the same time each day. In addition seasonal changes
occur, but even so tidal behaviour can nowadays be computed and predicted accur-
ately.

Sir Isaac Newton deduced that the gravitational attraction between two bodies is
proportional to the product of their masses and inversely proportional to the square
of the distance between them. All bodies in the universe exert forces on the waters
of the Earth but only two bodies are of major importance: the Moon, because of its
proximity, and the Sun, because of its large mass. However, the Sun is also a great
distance from the Earth in comparison with the Moon and as a result its tide-raising
forces are about 0.46 times those of the Moon. The Earth has a mass about 81 times
that of the Moon and the distance between their centres is approximately 60 Earth
diameters. This two-body system can be considered to rotate about a point C (see
Fig. 2.28) located within the Earth some 4700 km from its centre and along the
common line of centres. Let us assume for the moment that the Earth does not
rotate about its own axis — we can introduce the motion later. Figure 2.29 shows
the direction of motion of the particular point P on the surface of the Earth. The
‘centrifugal’ force on the particle at P is directed towards the centre of rotation C’
and PC’ is parallel to the line joining the centres of the Earth and the Moon, that is,
ECO produced. Thus the direction of the force F will be the same for all particles.
Even though the Moon is 384 000 km from the Earth a line drawn from a point on
the surface of the Earth to the centre of the Moon can subtend an angle of 1° to
the common centre line, Furthermore, a point on the near side of the Earth is closer
by 3 per cent of the separation than a point on the far side. The lunar gravitational
force L will, in general, be inclined to F (except when P is at O or O') and the
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Fig. 2.29

resultant T must be the tide-raising force on that part of the Earth covered by the
(non-rigid) oceans. Since it is the gravitational force which produces the initial
circular motions of the Earth and Moon then L is the vector sum of F and T as
shown in Fig. 2.30. A particle at the centre of the Earth experiences a gravitational
force equal to F and so if P is to the right of WZ (in Fig. 2.30) we must have L > F
but L < F when P is to the left of WZ. When P is on WZ, L and F are very nearly
equal but inclined slightly to each other; the system of the tide-raising forces is then
similar to that shown in Fig. 2.31. The component of the tidal force normal to the
surface of the Earth is very small compared with the weight of a given particle and
is therefore of little significance. It is the tangential components of T which produce
tides, and these are shown in Fig. 2.32 where the lengths of the arrows indicate the
relative magnitude of the force. These tangential forces give rise to the so-called
equilibrium tide and two high-waters develop, one directly under the Moon and the
other on the opposite side of the Earth.

Fig. 2.30
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Now the Earth rotates about its own axis in one solar day. The given point P
will then have occupied two high-tide positions relative to the Moon in 24 hours.
The high tides do not in fact occur at intervals of 12 hours because the Moon itself
moves relative to the Sun. The lunar day is 24 hours and 50 minutes long and thus
the lunar tide has a period of 12 hours and 25 minutes and a wavelength equal to
one-half the c:n:lunfsrenuc of the Earth,

The y of oscillations in some gulfs and channels is about 12
hours, so that exoesslvely high tides may be expected such as those in the Bristol
Channel (up to 15 m) and the Bay of Fundy (up to 21 m). Rotation of the Earth
about its own axis results in a Coriolis force being applied to the tidal oscillation of
the oceans. As a result the path of a particle, projected onto a tangential plane, is
elliptical with a clockwise motion when viewed from above in the northern hemis-
phere. Near coasts the interruption of the path often leads to a substantial pressure
gradient in the water normal to the coastline and to the development of abnormally
high tides known as ‘Kelvin edge waves’, This simple picture is complicated by the
variation in distance between the Earth and Moon as each moves in its own orbit
around the Sun. The effectiveness of the Moon in raising tides is greatest when it is
nearest to the Earth (perigee) and least when furthest away (apogee). Furthermore,
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when the tide-raising effects of the Sun and Moon reinforce each other, spring tides
occur whereas neap tides when they oppose each other; the ratio of these forces is
(1 +0.46)/(1 — 0.46) = 8/3. Finally, when a spring tide occurs at perigee the highest
spring tides will occur and correspond to a new and full Moon. However, all these
processes are modified by the rotation of the axes of the planet, the inertia of water,
friction and the local topography of the coastline and sea bottom [19].

2.6 The Hostile Environment

The preceding sections clearly show that to a human and the equipment he uses the
oceans present a hostile environment. Danger arises on the surface of the sea from
adverse weather and sea states which may result in a loss of stability from icing,
holing from a collision with floating ice or rocks, or impact damage from enormous
waves generated by gale-force winds, and so on. Table 2.5 lists some of the environ-
mental hazards which must be taken into account by the designer of a marine vehicle.

Table 2.5  Environmental hazards.

Cause All equi f Additional for
exposed equipment/
Pers
Climatic salt-laden atmosphere wind
condensation water on deck
dust, fluff salt spray
temperature extremes hail
humidity extremes rain
odour, aerosols blown snow
ship motion ice accretion
vibration, slamming sea ice
noise *total immersion
ice at sea sunlight
funnel smoke
sand abrasion
Others corrosive conditions fish
oil contamination crustaceans
animal life sea weed
mould flotsam
sea bottom

Should a vessel capsize and the occupants become immersed in sea water for any
length of time there is a distinct probability that death will follow. For the efficient
operation of various body systems, the internal temperature of the human body
must be maintained within the range 37 £ 2°C. In the atmospheric environment
adequate temperature control is obtained from various combinations of perspiration
and evaporative cooling, internal heating from inefficient work transfer (running,
rubbing of hands and the like) and enveloping the body in heat-insulating clothing.

Temperature control of the human body in water is a far more serious problem.
As sea water is invariably cooler than the body heat is transferred to the water. The
instinct to generate internal heat by increasing activity such as the use of muscles
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in swimming merely assists the heat transfer process by forced convection and also
increases the rate at which the body temperature falls. Below about 35°C the blood
flow to the brain b ded, resulting in deliri and i If
this does not cause drowning then further heat loss leads to heart failure. The con-
dition of low body temperature is known as hyperthermia. When the cruise liner
Laconia became engulfed in flames, 200 passengers took to the water and 120 died
from hyperthermia despite a water temperature of 18°C. Following this disaster
passengers and crew forced to abandon ship are now required to wear plenty of
clothing to improve insulation and to help them float until rescued rather than
swim about unnecessarily.

The hostility of the external envi must be eliminated from the internal
environment within the marine vehicle if the crew and equipment are to operate
re]jably and efﬁmently In prxctmc we can go only some way towards this ideal. For
can be reduced by incorporating active or
passive stabilizers in a shnp Now that nuclear submarines patrol deeply submerged
on missions lasting several months ergonomic, physiological and psychiatric matters
have gained great importance. Undoubtedly, experiences with manned space flights
have helped to improve the design of crew-operated equipment, relaxation areas,
recreational facilities and so on. Air-conditioning and ventilation can be used to
avoid extremes of temperature and particularly of humidity. It is possible to define
the limits of temperature and humidity consistent with the reliability of equipment
but it is far more difficult to specify quantitatively the meaning of human comfort.
The ranges of external temperat\ne and relative humidity met by a ship cruising for
long periods could be 45°C and 50 per cent respectively. These limits demand the
installation of air<onditioning and ventilating systems in various compartments of
the marine vehicles. To proceed further would be out of context here, but a full
treatment of air-conditioning in general is given in [20] and useful information for
ships is presented in [21].
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3
The Marine Vehicle at Rest

3.1 Introduction

To determine whether or not a marine vehicle will be capable of maintaining a
stationary and upright condition (usually essential requirements) it is necessary to
examine the forces which act on the vehicle in the vertical direction, that is, along
an extended radius of the Earth. The equilibrium relationships that these forces
must satisfy then require investigation. For a ship the principles of hydrostatics are
used to assess launching and docking procedures, initial stability tests, flooding
calculations, grounding and tethering forces at docks and jetties, the effects of
loading and carrying cargo, and so on.

It is now our purpose to introduce the basic relations used for these i igations
although details of the many empirical techniques available are left for the reader to
consult in the cited references. Attention is drawn to the limitations of a number of
derived formulae which are often used well beyond their supposed limit of validity.
The following discussion will be restricted to statics even though the operational
environment of marine vehicles is generally dynamic. The motion résponse of a
marine vehicle undergoing a dynamic excitation is examined in Chapter 10.

The vehicle at rest must not only remain in stable equilibrium with the system
of external forces acting upon it but also have the strength to sustain these forces.
Consequently, a (static) structural analysis must be undertaken. However, as with
the general case of a motion response to dynamic excitations, the questions raised
by problems of structural dynamics are also left until later (see Chapter 9). The
structural strength and integrity of marine vehicles are obviously matters of great
importance and there are a number of ways that marine vehicles can be put to the
test, for example, by the application of forces; by biological attack; by chemical
attack; and by changes of temperature,

In this chapter we shall examine a number of structural (as distinct from proper-
ties of materials) problems and confine our attention to purely mechanical effects.
This means that we shall consider the application of forces, namely ‘loading actions’.
Temperature changes also give rise to a form of loading action which could produce
important mechanical effects, but these will not be examined here. Again our
concem is with the basic principles and how these may be applied to marine vehicles.

3.2 Marine Vehicle at Rest in a Stationary Fluid

Many fluid-borne vehicles are capable of remaining stationary in a stationary fluid,
while others such as gliders, hydrofoil craft, submarines, aeroplanes and parachutes
depend on their motion for supporting forces, Vertical forces may be applied by
ground reaction, by attached cables, by aerostatic means, as in an aircushion vehicle
(ACYV), or by the conveyance of fluid downwards as in a helicopter. There are,
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however, two forces of overwhelming importance which are always present (except
in space or in a vacuum), namely weight W and buoyancy Fy. The buoyancy force
is, by Archimedes’ Principle, equal and opposite to the weight of fluid displaced by
a vehicle in the fluid. In the case of a helicopter, shown in Fig. 3.1, the buoyancy
force is small compared with the weight of the craft and must be supplemented by
the thrust Fy exerted by the air on the rotor. The purpose of the rotor is to increase
the linear momentum of the air perpendicular to the plane of rotation of the rotor
so that Fp may be varied over a wide range about the equilibrium value by adjusting
the blade pitch.

Fr

Fig. 3.1

When, for example, a uniform, wooden, rectangular block floats in water it is

clear that

W=Fg. @1
Furthermore, equilibrium demands that these two forces must be colinear. As we
shall see later, the block floats with its lrgesr flat face parallel to the surface pro-
vided its relative density is not too close to unity or zero. The other two possible
configurations in which flat faces are parallel to the surface are not realized because
they are unstable. Plainly, then, we must not only study the equilibrium of forces,
but also the stability of that equilibrium.

It is interesting to note that the American research ship Flip is designed to float
not only like a conventional surface vessel with its keel horizontal but also (after
suitable flooding) with its keel vertical. Like a slowly submerging submarine, the
slowly tilting ship raises not one stability problem but, in theory, an infinity of
them. Similar considerations arise when oil rigs are upturned at their chosen sites
after being towed out in another attitude.

3.3 Weight of a Vehicle

When a ‘system’isisolated for the purpose of analysis, its mass, and hence its weight,
is determined. There is, of course, an element of choice in defining the system. For
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instance, we might wish to include, or exclude, consideration of the gas in the bags
of a dirigible or the ballast water in the external tanks of a submarine. The calcula-
tions for a damaged and partially flooded ship provide a choice of this sort. If the
water admitted by the hull is included as part of the ship, the ‘added weight’
method of analysis is used. If, on the other hand, the damage is regarded as not
altering the weight but, rather, as changing the external configuration presented to
the sea, then the ‘lost buoyancy” approach is employed.

Once a system is chosen, weight (or gravity force) is inevitably a factor, and it is
plain to see that generally speaking large weight is usually inconvenient. Difficulty
is experienced in lifting an excessive weight into the atmosphere in an aircraft or an
ACV, and excessive weight will require deeper immersion of a surface ship and hence
produce greater resistance to motion through the water.

For the purpose of discussion it is sometimes convenient to consider the weight
of a chosen system to be the sum of several components, We may say, for instance,
that

W=Wy +Wn + W+ Wy + Wy 3.2)

where W, is the weight of the bare hull, fuselage or structure; W, the weight of the
power plant; Wy the weight of the fuel carried; Wy, the weight of the payload (i.e.
passengers, their personal effects and cargo); and W, is all other-weight (such as
crew, stores, water, ballast auxiliary plant, etc.). The maximum permitted value of
W is sometimes called the ‘gross weight’, or ‘all-up weight’, W;. In marine practice,
the quantity Wy — (W, + Wy, ) is called the ‘deadweight’; although Wr, is then con-
sidered to include the weight of all fittings (such as auxiliary plant, navigation
equipment, the galley stove, etc.). The deadweight is obviously a measure of the
usefulness of a cargo ship and in some vehicles it is by far the major part of W;.
Lifebelts, water wings and rubber dinghies are particularly splendid in this respect.

Measurements typical of the orders of magnitude but nevertheless approximate,
for the components of weight of some vehicles are shown in Table 3.1.

Table 3.1 Components of weight of some marine vehicles. Units are MN with tonf in

parentheses.
Vehicle Wh W Wr W Wo Wy
Super VC-10 airliner 0.361 0.132 0.561 0.224 0.212 1.490
at take-off (36) a3 (56) 23 Q2 {150)
R-101 dirigible at take- 1.006 0169 0,249 —0239 - 1.663
off on its last fatal flight (101} amn (2%) (24) (167
Frigate 6.83 443 4.86 wn 9.06 27.90
(685) (445) (488) (273) (909) (2800)
Destroyer 17.32 9.36 7.82 791 1936  61.77
(1738)  (940)  (784)  (799) (1944)  (6200)
Very large cargo carrier 448 29.8 298 2470 9.96 29.90
(VLCC) (45000) (3000} (3000) (248000) (1000} (300000)
Aircushion vehicle 0.518 0.229 0.149 0.637 0.209 1.742
(52) 23) s (64) n 175)
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3.3.1 Weight Duldbuﬁon

For some purp larly the estimation of stresses in ship structures, the
distribution of we:ght is important. (The corresponding distribution of mass is
required in an analysis based on dynamics.) Detailed determination of weight
distribution is generally a tedious business and relevant data are often stored in a
computer on the basis of a form of book-keeping. Where the vehicle is of an essen-
tially ‘prismatic’ form, however, a simple and common approximation may be
adopted. In this approach the idea of a “gravity force/unit run’; g, is used, so that
for a vehicle of length L

'L
W= ayeax 63
<0

where x is the distance from the stern, say, measured in the vehicle parallel to the
water surface. A typical approximation to the distribution of gg(x) is shown in
Fig. 3.2. As the curves in the figure are usually obtained by a ‘piecewise’ process of
calculation, they are often ‘stepped’.

3.3.2 Centre of Gravity

In the design of a fluid-borne vehicle it is usually necessary to ascertain the position
of its centre of gravity G (as well as its weight) at an early stage. The fore-and-aft
position of G (determined by the coerdinate Xg), for a ship whose qg curve has
been found, may be obtained by taking moments at a section x = 0 about an axis

et e

@y

Fig. 3.2 Typical weight distribution for a large warship
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in a plane parallel to the water plane and in a direction perpendicular to the direction
of x, so that

L
J, des
Xo=". G4

L
Joose
o

By a similar process the other coordinates of G may be found by integration,
although one might not think in terms of gg curves to do so. In ship calculations, G
is commonly found by taking moments about the mid-section (usually referred to
by the symbol ¥) for the longitudinal position, about the lower surface of the keel
K for the height and about the fore-and-aft plane of geometric symmetry of the
hull for the transverse position.

In general, such calculations as these are bl and can be checked
later when the vehicle has been built. For a vessel that floats on the surface, this is
done by means of an ‘inclining experiment’, From the observed results of the experi-
ment and the known position of the centre of buoyancy B (which can be calculated
accurately since it depends only on geometry) the position of G can be located.
Within limits, it may be possible to adjust the position of G if necessary, by ballast-
ing. However, a vehicle generally has a preferred upright configuration in which it is
designed to operate. This ‘intended attitude’ is usually associated with a fore-and-aft
plane of symmetry of external form, and this plane is approximately vertical when
the vehicle is at rest in the stationary fluid. The centre of gravity G will normally
lie in this plane of symmetry or very close to it. For a surface ship, G will normally
lie at or just above the water plane and slightly abaft amidships. It may be interesting
to note that the possession of an intended attitude and of ‘starboard-and-port sym-
metry’ is not only a feature of the vast majority of fluid-bome vehicles but also of
animals (including humans).

3.4 Buoyancy Force on a Vehicle

Suppose that a set of axes OXYZ is fixed with respect to the Earth with the plane
OXY horizontal and with OZ pointing vertically downwards. Let us now consider
a rectangular element of fluid whose sides are of length &x, 8y, 6z parallel to OX,
OY, OZ respectively,asshown in Fig. 3.3. If the subscripts 1 and 2 refer respectively
to the lower and upper faces of the element and z represents the distance from the
plane OXY to the element measured downwards parallel to OZ then

zy —z3 =8z,
g X
b
/3
Y 5z m’
Z 1
Fig. 3.3
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The element is considered small enough to assume that the fluid pressures p; and p,
each act uniformly over the lower and upper faces respectively. Thus the upward
fluid force on the lower face of the element is p, 5x8y which is equal to the sum of
the pressure force on face 2 and the weight of the fluid contained in the element,

that is, py8x8y + pgbx5ybz, where p is the density of the fluid and g is weight per
unit mass. For equilibrium to prevail there must be no net force in the OZ direction,
so that

P 5x8y =p,bxby + pgbxdybz

whence
P1-P2 =pg
5z ’
In the limit, as z = O and p, = p,, we may write
d_
ol 3 (3.5)

Integration of this equation for a constant-density fluid yields
p=pgz (3.6)

where the plane QXY is assumed to lie in the ‘free’ surface, that is the air—water
i.nterface and the pressure p is measured relative to the surface value. As the latter

i d to be at * pheric’ pi then p is a gauge pressure. The assump-
tlon of a constant density for water is generally acceptable in hydrostatics, but the
very small changes which occur in large volumes of water, especially in the oceans,
have a significant effect on other relevant factors in the operation of marine vehicles,
such as sound-wave propagation, as discussed briefly in Chapter 2.

Now suppose that the rectangular element of fluid is replaced by an equal-sized
element of a different material. The latter may be said to ‘displace” fluid from the
space it occupies. The fluid which remains (and in which the element is placed)
behaves in a similar manner and still exerts its upthrust. This upthrust is a ‘buoyancy
force' of amount

8Fp = (gsz) bxby

= pgbxdybz

or
8Fp = pgb¥

where 5V is the volume of the rectangular element. We may regard 6Fg as a contri-
bution to the buoyancy force exerted upon an immersed body of finite volume. If
the sum of all these contributions is taken over the finite immersed volume ¥ of
which the element forms a small part we find that

Fp=pgv=24* (3.7)

In other words, the total buoyancy force isequal to the weight A* of fuid displaced.
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(Archimedes' Principle is thus deducible by simple reasoning from Newton's hypo-
theses.

The) presence of the buoyancy force Fg is a consequence of gravity, because an
identifiable volume of fluid has weight. The buoyancy force always acts in the
opposite direction to OZ — upwards — in order to support the weight of displaced
fluid. It follows that Fy acts through the centre of gravity of the displaced fluid
and consequently for a fluid of constant density it must act through the geometric
centre (or ‘centroid”) B of the volume V.

The discussion above is intended as a very brief revision of certain elementary
results in the theory of hydrostatics, These results will be important in the discus-
sion which follows and the reader who wishes to undertake a more thorough revision
of the topic can do so by consulting, for example, [1] or [2].

3.4.1 Cenire of Buoyancy

When a vehicle such as a submarine is totally immersed its centre of buoyancy is
located at a fixed point within it. As already pointed out, we can choose the system
of interest to consider the vehicle with or without its ballast water, or we may even
deal with some portion of the vehicle. The position of B does not move within the
system as the position and orientation of the vehicle is changed; only a change in
the external geometry of the submerged vehicle can alter the location of B. In this
respect a surface vehicle is quite different. If the immersed portion of a ship is
changed (e.g. when the vessel assumes an angle of inclination or when the draught is
adjusted) the position of B moves relative to the ship. The way in which B moves is
vitally important, as we shall see when we examine the stability of floating bodies.
Accordingly, we shall now study in more detail how B migrates when a body is
inclined, and to do this we need to define the terms used to describe angles of
inclination of floating bodies. (By a floating body we usually mean a body in
equilibrium at the interface between air and a liquid such as water. These considera-
tions, however, apply to any interface separating fluids of differing densities. For
example, the migration of B would be affected by a layer of oil on water.)

Suppose that a floating body such as a ship is at rest in its intended upright
attitude so that the axis OX (illustrated in Fig. 3.3) is identified with the fore-and-
aft direction and OY points to starboard. An inclination obtained by rotating the
ship about an axis parallel to OX is called a ‘heel’; a similar inclination about OY is
called a ‘trim”. Conventionally, positive values of heel and trim are associated with
clockwise angles of rotation as seen looking along the fixed axes away from the
origin O. It is necessary to stress two important points about these definitions. First,
as can be easily verified, a given oblique inclination cannot be specified unambigu-
ously merely as a combination of a heel and a trim; the order in which these latter
inclinations are applied is significant. Second, the word ‘trim” is used in a quite
different sense when it is applied to totally immersed bodies such as submarines.

3.4.2 Surface of Buoyancy

Let us now consider the general case of a floating body which is not prismatic and
which does not possess an axis or a plane of symmetry, Figure 3.4 shows a body
that is partly immersed in water, the displacement volume being V. The buoyancy
force Fg acts at B, the centroid of the immersed volume. That section of the body
which lies in the horizontal plane of the water surface is called the ‘water-plane
section’. A set of rectangular axes Oxyz is fixed to the body with Oxy in the water-
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‘Water-plane section

Displaced volume ¥

Fig. 3.4

plane section and Oz pointing downwards. The buoyancy force F therefore acts in
the direction —Oz. The problem here is to discover how B migrates relative to the
body as the position of the body is altered. (We do not consider here how equilibrium
is to be maintained or what forces must be applied to move the body.) It is conven-
ient to examine any movement, in terms of the axes we have chosen, as a combina-
tion of translation and rotation. Three translations and three rotations are therefore
possible.

Clearly a bodily translation along any line in the ‘water-plane section will not
change the immersed portion of the body, so B remains fixed, A translation of the
body parallel to Oz, on the other hand, changes ¥ and shifts B relative to the body.
The increase in buoyancy force 8Fp, resulting from an increase in depth of immer-
sion &z, is given by

8Fp = (Apg)sz (38)
where A is the water-plane area. In the limit §z + 0, Equation (3.8) may be written
as

dFy

S G9)

and this measure is used to determine the parallel sinkage or rise which results from
the addition or subtraction of a small mass (and therefore weight). For rule-of-thumb
purposes smkage is often expressed as TPI, that is, tonne force (= 10* N) or ton
force parallel immersion, which indicates the mass, tonne or ton, that must be
placed even]y on the body to cause a mnkl@e of one metre or one inch respectively.
The are d if mass is d to produce a parallel rise.
Because the addition of mass is small, the centre of buuymcy resulting from its
even distribution is at half-depth below the new water plane. If h is the vertical
distance between this point and the original centre of buoyancy B the rise of the
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centre of buoyancy to B' for the new condition will be given by

h6Fp _ hddz
A% +5Fg V+ASz'

A similar expression may be obtained for the change in location of the centre of
gravity, except h now refers to the distance between the initial centre of gravity and
that of the added mass.

Let us now turn our attention to the rotation of a floating body and assume, for
the sake of simplicity, that displa t is unch: d. We shall first show how the
orientation of the body can be altered so that this requirement is met. Suppose that
the floating body shown in Fig. 3.4 rotates through a small angle § about the axis
Oy (as shown in Fig. 3.5). For the immersed volume to remain unchanged it is
necessary that

J’zM =J-(zwx,5)d/l, (3.11)

where z is the mean depth of an element, of small cross-sectional area §4, in the
body measured from the Oxy plane in the water plane before f is applied as indica-
ted in Fig. 3.5. Thei ion is perfi d over the water-plane section and related
to positive values of the coordinate 2. As f is small and nonzero, it follows that

BB'=

(3.10)

Jm.q =0. (3.12)

The small rotation that concerns us, therefore, can be made about an axis in the
water plane, provided that the axis passes through the centroid of the section, This
point is usually referred to as the ‘centre of flotation’.

If the body is rotated through various angles § about various axes in the water
plane (all of which pass through the centroid), B moves over a surface that is fixed
in the body. Thus, suppose that we rotate the body through the small angle § and

Fig. 3.5
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that Oy is a centroidal axis in the water plane. The initial coordinates of B (the

geometric centre of V) are X, ¥, Z where
__ 1y LT = 1
x=§!xzd.‘l; =5 yzdd; xmﬁj‘izzdet (3.13)

from the definition of B. During the small rotation the centre of buoyancy moves
to B', which has coordinates ¥', ¥',Z", so that

x'=%J.x{Z—xﬂ]M (3.143)
y'= %jy(z — xB) dA (3.14b)

v=g (e esle - wa=g i FPHu G

We are now in a position to examine the movement of the centre of buoyancy from
B(x,7, ) o B, ¥, 7).
Consider first the movement of the centre of buoyancy parallel to Oz. The rise is

g

z—z'=2—v[x’dA (3.15)

which is positive and becomes exceedingly small for small values of §. Now B and B’
are neighbouring points on a surface and so that surface is concave upwards at B’
and horizontal at B.

We note next that a rotation about the axis Oy does not necessarily move B to
B’ in the same plane perpendicular to Oy. Nevertheless, if B and B' are to lie in a
common plane perpendicular to Oy, then it is necessary that

75
so that
[ayaa=o. (3.16)

Hence Ox and Oy are the principal axes of the water-plane section.

Let us assume that the small rotation § is made about a principal centroidal axis
in the water plane. If the axis Oy is taken perpendicular to the plane of the paper,
the initial and final positions of B and B' will be as shown in Figs. 3.6{a) and (b)
respectively. The vertical plane containing these two points intersects the axis Oy
at right angles. The initial, vertical line which passes through B intersects the vertical
line through B' at the point M', which is known as a ‘pro-metacentre’. Now, since
7 -7 is very small according to Equation (3.15), the distance BB' is, to first order,
given by

ﬁ’=f—£"=§.f:’m. (3.17)

The integral is the second moment of area of the water-plane section about the
principal axis Oy, and is best represented algebraically by (Akz}oy where k is the
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Fa

fa}
Fig. 3.6

radius of gyration of the water-plane area 4 about Oy. It is a matter of convention
that the symbol / is used for the second moment of area in the present context (the
algebraic expressions are also rather neater) and so it follows that

—, BB I
=g (3.18)
Equation (3.18) is of profound importance and we will return to it later.
Whatever axis (aa, bb, . . . ; see Fig. 3.7) through the centroid O of the water-

Fig. 3.7
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Fig. 3.8

plane section is used during a small rotation, B moves parallel to the water surface.
Furthermore, B moves relative to the vehicle on a surface known as the “surface
of buoyancy’, which is concave upwards and fixed in the vehicle (Fig. 3.8). These
findings relate to a fixed volume of immersion ¥ and hence to a definite buoyancy
force. The tangential plane at any point on the surface of buoyancy is parallel to
the corresponding water plane. Therefore, the normal at any point on the surface
of buoyancy is vertical when B is at that point. The more deeply immersed a body
is, the smaller is its surface of buoyancy, and if the body is totally immersed the
surface contracts to a point that is fixed at the centroid of the body, that is, at the
volumetric centre.

It may be that the geometry of the body at any given position in space is always
associated with the same immersed volume. This is obviously so for a convex solid
such as an ellipsoid or a cube; the surface of buoyancy is then convex and closed.

While each displacement has a unique surface of buoyancy, the body may admit
water by flooding if its orientation is altered sufficiently. If it is then returned to a
series of orientations that it had before flooding, B migrates over a different surface
of buoyancy. In practical calculations for a ship, however, it is conventional to
assume that there is no ingress of water even when the vessel is tumed right over, as
might be the case with a self-righting lifeboat. Ingress of water is then considered
separately.

3.4.3 Buoyancy Calculations

The concept of a surface of buoyancy features in theoretical hydrostatics but such
a surface is not normally calculated in practice. Nevertheless, the idea is a useful
one and it is of interest to interpret what can be achieved in practice in terms of it.
Suppose that aset of axes Agn{ is attached to our general body as shown in Fig. 3.9,
with the plane Afn parallel to the water-plane section. Once the { coordinate of the
water-plane section has been specified, the position of the centre of buoyancy B
may be calculated and specified in terms of the coordinates £, 1, {. The value of the
immersed volume ¥V can also be found.
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Fig. 3.9

If the body is now rotated in steps of 5°, say, about the axis Ax similar calcula-
tions may be made at each stage. If desired the process could be repeated for rota-
tion through a full 360°. Equally, the location of B and the immersed volume may
be computed for every stage during a rotation about the axis A, Again, for each §°
position of the rotation about An a complete rotation (in steps) can be made about
A%, and for each 5° position of the rotation about A¥ a complete rotation (in steps)
can be made about An. Note that no restriction is placed on the size of the rotation;
we are not concerned here with small departures from some reference configuration,
Furthermore, these last two cases do not give the body the same sets of orientations,
as can be easily verified by first imagining the body rotated through 90° about An
and then 90° about A% and then reversing the order.

Using the preceding technique sets of results could be found, each giving (i) the
coordinates £, 7, { of B, and (ii) the corresponding immersed volume V . By adopting
a suitable process of interpolation all the positions of B for some chosen value of V¥
could be found and the appropriate surface of buoyancy determined. A group of
surfaces could then be deduced so that each member corresponded to a particular
value of V. Each would be a closed convex surface with the property that when B
lies at any point on it the corresponding upward buoyancy force is directed along
the inward normal.

Several approaches can be realized for the problem of determining a surface of
buoyancy, although eventually all reduce to that illustrated in Fig. 3.10. A series of
planes is found, all of which cut off the same volume V from the body. The centroids
B of the various cut-off pieces lie on the surface of buoyancy corresponding to V.

Inevitably we must tum our attention to prismatic bodies (e.g. to ship hulls) and
consider heel and trim rather than generalized rotations. Should the body have a
vertical fore-and-aft plane of symmetry, then the surface of buoyancy might have
an egg-like shape with a longitudinal fore-and-aft axis so that the plane of hull
symmetry divides the surface into two symmetric halves. If the prismatic body also
has a transverse plane of symmetry (as occurs in a kayak, for instance) then that
plane will also divide the surface of buoyancy into two symmetric halves.

It is not suggested that the method described above for calculating a surface of
buoyancy should be followed in practice, or even that the surfaces be normally
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Fig. 3.10

determined. Indeed, modern lif on naval archi seems to contain few
references to the geometry of surfaces of buoyancy. It is perhaps interesting to note
that books on differential geometry refer to the significant results first obtained by
Dupin, for Dupin was also a pioneer of the theory of hydrostatics and developed in
considerable detail the concept of the surface of buoyancy [3].

3.4.4 Cross Curves of Buoyancy

Suppose that a series of surfaces of buoyancy have been calculated, each surface for
some particular volume V. Let these surfaces intersect a plane A£{, fixed in a body,
as indicated in Fig. 3.11(a). All the (closed) curves shown are considered to be fixed
to the body. Now let the body be rotated through an angle § about An, as shown in
Fig. 3.11(b). For each volume V,, V;, V3, . . . the buoyancy force dcts vertically

i

{a}
Fig. 3.11
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upwards perpendicular to the sponding surface of buoyancy (although not, in
general, in the AE{ plane). Let these forces be Fy,, Fi,, Fa,, . . . corresponding to
the surfaces for ¥y, V3, V3, .. .. Bearing in mind that these forces do not in
general act in the plane of the paper, that is in the plane AL, but are parallel to it,
we now consider the distances ay, a3, a3, . . . of Fn,, Fp,, Fp,, . . . from that
vertical plane through A which contains An. These distances may be plotted against
the displacement ¥ for a chosen value of f§ as shown in Fig. 3.12. A family of these
curves, plotted for a series of §, is known as a set of “cross curves of buoyancy’.

2
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Fig. 3.12 Cross curve of buoyancy.
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3.4.5 Curve of Buoyancy

The prismatic shape of most marine vehicles — notably ships — suggests a simple
approximation in the analysis of buoyancy. The surfaces of buoyancy for all the
possible immersed volumes of such a body are elongated. Moreover, the port-and-
starboard symmetry that marine vehicles usually possess ensures that each surface
is symmetric about the fore-and-aft plane of symmetry.

Figure 3.13(a) shows the side view of a typical ship in its intended (upright)
attitude together with a side elevation of its surface of buoyancy. (The geometry of
the illustrated surface of buoyancy is not meant to be representative of any particular
kind of ship.) The centre of buoyancy is at B, , the lowermost point on the surface.
Suppose that the ship is heeled through a right angle by rotation about a fore-and-aft
axis parallel to the water plane and that it is then raised or lowered (keeping the
axis parallel to the water plane) so that ¥ is unchanged and the same surface of
buoyancy is relevant. This surface can now be seen in plan view and may take the
form illustrated in Fig, 3.13(b). The centre of buoyancy is at B,, which is well aft
of By. The explanation for this migration aft may be deduced from our previous
discussion. The change of attitude may be considered as being the sum of a large
number of small rotations, each about a suitable centroidal axis in the prevailing
water-plane section. Although this centroidal axis is initially a principal axis of the
water-plane section, it doesnot remain one. Therefore the centre of buoyancy starts
to move parallel to the axis of rotation.
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This is an important point and worthy of some further discussion. Suppose that
this imaginary experiment were performed on a scow. The water-plane section
would at first have the shape depicted in Fig. 3.14(a) and would finally be of the
form shown in Fig. 3.14(b). In both diagrams, Oy is the prevailing centroidal axis
of rotation (O being the centroid of the water-plane section), but whereas Oy begins
as a principal axis it does not remain one, so that the principal centroidal axes at
the last small rotation would be Ox' and Oy’ (see Fig. 3.14(b)).
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Fig. 3.14
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It is interesting to consider a vessel with fore-and-aft and port-and-starboard
symmetry, such as a lifeboat, a kayak or a ‘double-ender’ yacht. If a rransverse axis
in the water-plane section of such a craft remains an axis of symmetry of the water-
plane section, then the centre of buoyancy remains in the transverse plane of sym-
metry if a heel is executed.

The effect illustrated in Fig. 3.13 has been exaggerated for the purpose of
explanation. In reality, a ship’s surfaces of buoyancy must be elongated and nearly
ellipsoidal to correspond with the usual geometry of the immersed volume. At least
for initial calculations it is usually assumed that heel and trim may be treated
independently. That is to say, if the ship is given an angle of heel only with a con-
stant immersed volume, the centre of buoyancy follows a curve which lies wholly
in a single transverse plane; if it is given an angle of trim only, B moves always in
the fore-and-aft plane of symmetry. As a result it is implicitly assumed that if an
angle of heel is applied, the principal axes in the water-plane section remain in the
transverse and fore-and-aft directions. The importance of this assumption is that the
heeling of a ship must be considered even more carefully than trimming, for reasons
that will become clear. It is indeed fortunate that this assumption is quite accurate
for moderate angles of heel, since it simplifies analyses considerably.

Figure 3.15(a) shows a vessel in its intended attitude with B at the lowermost
point of that surface of buoyancy which is relevant to its displacement. Figure
3.15(b) shows a cross section of the vessel in which B lies on the closed curve of
intersection with the surface of buoyancy. Under the terms of the previous assump-
tion, B moves on this curve when the ship is heeled. Thus if the angle of heel is ¢, as
indicated in Fig. 3.15(c), the centre of buoyancy lies at B', the lowermost point of
the ‘curve of buoyancy’.

=

(a)

Fig. 3.15

For a conventional ship it would be unreasonable to invoke the idea of a curve
of buoyancy if the angle of heel were more than, say, 40 degrees, which is a large
angle for any normal ship. In other words, it would be more sensible to depict the
curves of buoyancy shown in Fig. 3.15(b) not as a closed curve but rather as a
limited portion such as that drawn in Fig. 3.15(d).

= (Google



74 [ Mechanics of Marine Vehicles
3.4.6 Evolute of the Curve of Buoyancy

It was indicated earlier that the curvature of the curve_of buoyancy is of some
importance and that the radius of curvature is given by BM' =//V. The pro-meta-
centre M’ is the centre of curvature of a corresponding point on the curve of buoy-
ancy and the locus of M' is the ‘evolute’ of the curve of buoyancy.

The transverse curve of buoyancy of a ship, or similar marine vehicle, has port-
and-starboard symmetry about the fore-and-aft plane of symmetry. The evolute of
the curve of buoyancy must be likewise symmelri:. If we consider a small :lmlge of
heel e 8¢ corresponding to a small increase in the distance from B to M', given
by i '). then the radius of curvature of the evolute of buoyancy is given by
r=5(BM')/5¢. In the limit 5¢ - 0, 7 = d(BM')/d¢ = (1/V)d//d@) assuming that the
displaced volume is unchanged during the small change of heel. This result shows
that the radius of curvature of the evolute, and therefore of the curve of buoyancy,
must change sign when [ is a maximum or minimum at particular values of r. If r
changes sign, the evolute has a cusp and clearly this occurs in the upright condition,
around deck-edge immersion and at a heel angle of 90°, Two possible arrangements
are shown in Fig. 3.16. However, for conventional ships, the curves of B and M’

A
|

Fig. 3.16
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are of little value beyond a heel angle of 90°. For this reason only the bottom por-
tion of the curve of buoyancy, and its corresponding evolute, are shown in Fig. 3.16.
Indeed, unless a vehicle is substantially symmetric about a mid-ship transverse
plane a two-dimensional analysis beyond a heel angle of 40° is suspect because trim
is ignored. On the other hand, for self-righting lifeboats and righting oil rigs the
matter is of great interest, and when longitudinal symmetry does not prevail three-
dimensional analyses must be used. Nevertheless, it is useful to examine a case for
which the closed curve may be legitimately drawn. An ellipsoid that is rotated in
incremental steps, with a constant partial immersion so that some chosen minor
axis is always kept horizontal, satisfies the necessary conditions of symmetry as
shown in Fig, 3.17. The evolute of the curve of buoyancy is then closed and may
take the shape portrayed,

Curve of buoyancy

Ellipsaid

Evolute of curve of buoyancy
{locus of pro-metacentre]

Fig. 3.17

If the difference between the major and minor serni-axes shown in Fig. 3.17 is
diminished (without changing the magnitude of that semi-axis perpendicular to the
plane of the paper) then the curve of buoyancy becomes more and more circular.
The evolute collapses to a point at the centre of a body of circular cross section as
shown in Fig. 3.18.

3.5 Equilibrium and Stability of Weight and Buoyancy

It is now necessary to examine the condition of equilibrium that exists when the
weight and buoyancy force act simul ly because the attitude of a floating
body depends on these two forces. The body settles until the buoyancy force is
equal to the weight and rotates until the centres of buoyancy and gravity, B and G
respectively, lie on the same vertical line; the configuration then is one of stable
equilibrium, At least one position of stable equilibrium must exist otherwise the
body would continue to rotate indefinitely. There is often more than one equili-
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Fig. 3.18

brium position, however, and G may lie above or below B. (A degenerate case arises
with bodies of revolution in which the centre of gravity lies exactly on the axis.
Thus a ball, for example, will float in neutral, rather than stable, equilibrium since
B is always directly beneath G and so cannot provide a righting moment, as shown
in Fig. 3.19.)

The equilibrium condition of a floating body may be expressed in the following
way: (i) the weight A® of the displacement volume ¥ of water must be equal to the
weight W of the body, so determining the relevant surface of buoyancy; and (ii) the
lowermost point of the surface of buoyancy B must lie on a vertical line through G
and either above or below it, This concept is much easier to grasp than that which
remains, namely, whether or not the equilibrium configuration will be restored if a
very small disturbance of that conﬁgu:auon occurs, In other words, is the equm
brium stable or unstable? In add Ives to this ion, we must
that the small disturbance may be of any realizable sort. We have, in effect, to apply
‘tests’ to the equilibrium to see what happens when the small disturbances occur,
With one exception all the disturbances that we shall consider relate to a rigid
vehicle, although there is no reason in mechanics why distortions should be excluded.

Fig. 3.19
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3.5.1 Torally Immersed Rigid Vehicle

The equilibrium di for sub i b ibles, ball dirigibles and
similar vehicles is simply W = Fg(= pg V= A*), where the forces W and Fg must act
in the same vertical line. The centre of gravity G and the centre of buoyancy B are
both fixed in the vehicle which takes up a definite attitude in its equilibrium con-
figuration. Thus B must lie either vertically below or vertically above G if Wand F
are the only external forces acting when the vehicle is at rest in its intended attitude.
It is the stability of these equilibrium configurations that must now be examined.

Small disturbances of translation in a horizontal direction do not change the
condition of equilibrium. So far as they are concerned the stability is neutral.

To study the effect of small angles of rotation we can conveniently rotate the
vehicle about two horizontal axes at right angles to each other. (Rotation about
the vertical axis clearly does not affect the condition of equilibrium.) For example,
consider the submerged submarine represented in Fig. 3.20. It is evident that if B is
above G a small inclination of heel or trim produces a righting couple, and so the
arrangement in Fig. 3.20(a) is associated with hydrostatic stability. By contrast, the
arrangement in Fig. 3.20(b) shows that if G lies above B there is a tendency for any
small inclination to be increased, and so the equilibrium is unstable. The distance
GB thus represents a measure of a submarine’s hydrostatic stability for heel and
trim.

In practice B cannot lie far from the central axis of a_submarine, and so for
stability G must lie below the centre line. Typical values for GB lie in the range

03m<GB<0.6mie. 1ft<GB<2ft).

It is implicitly d in the foregoing di jon that the submarine in question
has a rigid and incompressible structure. But this is not strictly true and consequently
we must consider a stability problem of a rather different sort which relates to the
submarine’s ability to maintain a specified depth of operation.

Il /]
fa}

S
‘%‘ 2 F %‘

Google



78 | Mechanics of Marine Vehicles

Pressure hull
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equal pressure

Quter casing (can be blown or flooded)
Fig. 3.21

Figure 3.21 shows a greatly simplified form of a submarine. At depth, the pres-
sure hull withstands the full local pressure. Now it is a convention of military sub-
marine practice to include the water in the main ballast tanks in calculations of
both weight and buoyancy. Let us, however, examine the situation in another way.
When the submarine is submerged, ¥ is the volume of the pressure hull and of all
waterexcluding parts such as the propeller. (It is worth remarking that for every
8 kN (20.8 tonf) of solid steel in a marine vehicle about 1 kN (== 0.1 tonf) of buoy-
ancy force is available, since the relative density of steel is approximately 7.8.) The
buoyancy force which acts on the pressure hull alone, F§ say, corresponds to a
given depth of operation. If V* is the volume of the pressure hull at that depth,

Fa=pgv* (3.19)

where p is the corresponding density of the water. With an increase of depth the
pressure p increases and

1\ aFg ap ave (1 a1 av*
—| vt —tp——=pV* |-+ ) 3.20,
(g) ap » P F pdp V* 3p 3.20)
The partial derivative is used in Equation (3.20) to emphasize that p alone

may not be entirely responsible for changes in F§. As we saw in Chapter 2 both
temperature and salinity vary with depth, but for the present purpose these are
likely to be associated with second-order effects. Now 9p/dp is positive because of
the slight compressibility of water, and 3V*/3p is negative because of the compres-
sibility of the pressure hull, It follows that 3F§/dp may be positive or negative
according to which of these two compressibility effects is the greater. As the weight
of the submarine is constant, the condition 3F%/3p > 0 is one of stability in depth,
while that of 9F%/dp < 0 is one of instability. In steel structures the compressibility
effects are small and to all intents and purposes the stability in depth can generally
be taken as neutral.

3.5.2 Partially Immersed Vehicles

Let us suppose that the configuration shown in Fig. 3.4 is one of equilibrium with
G lying somewhere on the vertical line through B and F = W. The body has six
degrees of freedom and so may be given (i) displacements in the directions Ox, Oy;
(ii) displacements in the direction Oz; (jii) rotations about Ox, Oy; and (iv) rotation
about Oz. These then are possible tests that may be applied in checking the stability.
Now the relative positions of B and G will not be altered by small disturbances of
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types (i) and (iv). Furthermore, stability certainly prevails were (ii) is concerned.
‘We are left to apply tests of type (jii) which, as we have already shown, do not
affect the magnitude of Fp provided that O lies at the centroid of the water-plane
section.

Suppose that Ox, Oy are principal axes of the water-plane section and that we
rotate the body slightly about Oy to check the stability of an equilibrium configura-
tion in which G lies below B, as in Fig. 3.22. The rotation moves the centre of
buoyancy from B to B', producing a righting couple. The same is true if the rotation
is performed about Ox. Hence the equilibrium must be stable if G lies below B. It
does not follow, however, that if G is above B the vehicle is unstable, as we shall
now show.

(a)

[+]
Fa
B
6
w
Fig. 3.22

It would appear that the designer has merely to ensure that G lies below B in the
intended attitude of a surface craft to guarantee stability. The reasons why this rule
is not normally followed are (i) it would be difficult to contrive, and (ii) the vessel
concerned would be uncomfortably ‘stiff” and would sustain large inertial forces in
its upper works as a consequence. Normally G lies above B in the intended attitude,
a fact which at first sight may seem surprising.

Let us consider a small angular displacement § about the principal axis Oy, as
before, but this time let G lie above B. The initial and final positions of G and the
centre of buoyancy are as shown in Fig. 3.23. As G, B and B’ all lie in the same
vertical plane, the vertical through B’ intersects GB extended at M. Note that the
smaller is § the more closely does BB’ become parallel to the water surface and
perpendicular to both BM and B'M. It follows that M is the centre of curvature of
the curve (or, rather, cross section of the surface of buoyancy) on which B and B’
lie. We previously called a point like M a ‘pro-metacentre’ denoted by the symbol
M’; but in this single context, where the equilibrium configuration is referred to the
upright condition, M' becomes a ‘metacentre’ denoted by M. Equation (3.18) can
then be written as

W=%. (3:21)
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(a)

z
Fig. 3.23

It will be seen from Fig. 3.23(b) that if M lies above G the position of equilibrium is
stable, while if M lies below G the equilibrium is unstable. It is theoretically possible
for M and G to coincide, in which case neutral stability prevails.

Having checked the stability with a small rotation about Oy, we should now apply
a small rotation about Ox to find a second metacenre. It is an elementary property
of all plane areas that one can find two perpendicular axes through the centroid for
which the products of the areas vanish. These are the principal axes of the area. If a
smail rotation is performed about any oblique axis in the water-plane section it can
be resolved as a vector into two component rotations about the two principal axes,
each associated with a metacentre M. The required condition of stability is that
neither of the two points M shall lie below G. The distance GM, which represents
a measure of a surface ship’s initial stability, is usually called the ‘metacentric height’
and for rotations about the principal axes is often given subscripts L (longitudinal)
and T (transverse).

It must be understood that a general treatment of the hydrostatic stability of an
irregular body gives rise to some complicated problems. These can be vastly simpli-
fied, however, if the idea of a ‘curve of buoyancy’ can be invoked. We shall therefore
turn our attention to that particular case, making special reference to surface ships.

3.5.3 Swability of Surface Ships

As we have already noted, the conventional displacement ship requires special
considerations of its own. These arise from its prismatic form and its longitudinal
plane of symmetry, a feature which it shares with other types of vehicle such as
pontoons, floating docks, etc. The possession of this form and symmetry implies
that plane transverse curves of buoyancy may usefully be assumed to exist.
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Suppose that the ship is placed in water and that its immersion and attitude are
such that BG is vertical with both G and B lying in the plane of symmetry. In this
configuration axes Oxyz may be fixed in the hull with Oxy in the water-plane
section, O being the centroid and with Ox pointing forward, as shown in Fig. 3.24.
The axes Ox, Oy will be the principal centroidal axes because Oxz (which contains
the vertical line BG) is the plane of symmetry and Oy is perpendicular to that plane.
If the ship is now rotated through a small angle of heel §, about Ox, a metacentre
associated with “transverse stability’, My, may be defined. Similarly, if the ship is
trimmed through a small angle § about a transverse axis a second metacentre assod-
ated with ‘longitudinal stability’, My , is identified. For each of these two metacentres
the distance BM = I/ ¥ can be calculated, The calculation is one of some accuracy as
it involves geometric quantities only.

Fig. 3.24

Having found BM we can go on to find the metacentric height GM, which is a
measure of the stability. This requires prior knowledge of BG, that is, of the position
of the centre of gmrlly relative to B As we have already mentioned the position of
G can be with , although the calculation is rather
tedious and time consuming.

Because the hydrostatic stability of a ship is of cardinal importance to the naval
architect, it is necessary that the calculations of the position of G should be checked.
This is done by means of an ‘inclining experiment® which can be regarded as an
independent determination of the centre of gravity G. The experiment is normally
performed only for heel since transverse inclinations are easier to arrange and for
most ship shapes GCMy <

In its most rudimentary l’om'l the test em.u]s movmg a body of we@n W aCross
the deck of a ship and noting the small incli d, as d in Fig. 3.25.
The movement of the centre of gravity GG is given by

wd = WGG'
where W includes the weight of the movable body. But
GG'=GM¢

and so
wd
GM W (3.22)

The values of w, d and ¢ are noted and W is found by calculation or measurement.
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Fig. 3.25

As stability depends on the small difference between two often large distances
(GM=KM — KG), the inclining experiment must be performed with very great
care and as described in, for ple, [4].

Some idea of how B, G and M may be placed in a ship can be obtained from
Table 3.2, which shows some approximate values and in which K is the lowermost
point (i.e. keel), Mt is the metacentre for heel about a longitudinal axis, and My, is
the metacentre for trim about a transverse axis.

Table 3.2 Some typical locations of B, G, M1 and ML, measured relative to the keel.
Unirs are metres with feet in parentheses.

Distance
Vehicle KB XG m-; m[‘
Frigate 2.56 4.94 592 250
(B.40) (16.21) (19.42) (820)
Destroyer 2.95 6.95 7.80 396
(9.68) (22.80) (25.59) (1300)
Container Ship 5.6 17.0 17.3 280
(18.37) (55.77) (56.76) 917

3.5.4 Effect of Liquid with a Free Surface on Ship Stability

When a partially filled tank is tilted the centre of gravity of a liquid contained in it
moves relative to the sides of the tank.} It follows, therefore, that when the stability
of a ship is examined account must be taken of the displacement of the centre of
gravity resulting from the movement of tanks containing liquids with a free surface.
To take a simple, but important case consider the result of a small angle of heel ¢
about the Ox axis in the water-plane section as shown in Fig. 3.26. If ¢ is assumed

1 Many different liquids are carried in ships. For example, fresh water for drinking and for the
boilers; salt water for ballast, baths, bilge water; and oil for fuel and lubrication, etc.

Google i



The Marine Vehicle at Rest | 83

Fig. 3.26

to be so small that G moves horizontally to G' then
W.GG =wg’. (3.23)

Now the horizontal movement of the centre of gravity of the liquid, gg’, is the same
as the horizontal movement of the tank’s centre of buoyancy if the tank were float-
ing with the volume of liquid V; as the immersed volume. (In both cases one would
be concerned with the movement of the centroid of V;.) Therefore, from Equation
(3.23),

wet =wily G249
A
where I} is the second moment of area of the surface of liquid in the tank about an

axis through the centroid of the free surface parallel to the axis of rotation of the
ship. That is

oW ¢
=2 ¥,
GG Weiw mgh (3.25)
where p is the density of the liquid. If there are several tanks, then
e
GG -Wz:ﬂﬂl-
Consider now the application of a small angle of heel in a test for stability. As G

will move to G’ as a result of the movement of liquid, there is an apparent loss of
metacentric height which amounts to

EG"=%= &Y o (3.26)

as shown in Fig. 3.27. The liquid in the tanks thus has a destabilizing effect. More-
over, this effect is independent of both the position of the tanks and the amount of
liquid contained in them.

A similar phenomenon occurs with the weights of suspended masses which are
free to swing (e.g. a boat just about to be lowered into the water from davits, ora
load being lifted by a floating crane). It will be readily seen that the centre of
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Fg=a'=w

Fig. 3.27

gravity of a freely suspended mass must be regarded as lying at its point of suspen-
sion when the stability of the vehicle is being investigated. Standing passengers may
also be treated as if their centres of gravity were in their feet, if they are not other-
wise deemed to be in contact with the ship.

3.5.5 Curves of Buoyancy in Ship Calculations

As already explained in Section 3.4.5, it is reasonable to assume that for moderate
angles of heel a curve of buoyancy lies in the transverse plane containing BG (as
well as a second one in the plane of hull symmetry). In this case it is possible to
examine such angles of heel and yet still monitor the movement of the centre of
buoyancy since it is confined to the one plane. Determination of ‘curves
of righting moments’ then becomes possible.

Figure 3.28 shows the curves of buoyancy and evolutes that were previously
drawn in Fig. 3.16. Since we have assumed that the centre of gravity lies in the plane
of the curve of buoyancy and its evolute, G may be represented in the diagrams. It
is drawn in Fig. 3.28 in the plane of hull symmetry so that BG lies in the plane in
the equilibrium configuration. Two possible cases are shown with the evolute of the
curve of buoyancy pointing downwards (case A) and upwards (case B).

For any angle of heel & the normal to the curve of buoyancy is vertical. If the
perpendicular is drawn from G to the line of action of the buoyancy force Fy (i.e.
to the point Z) then the righting moment is W.GZ, corresponding to the angle &.

It will be seen that as & is increased in case A, GZ increases monotonically, as
indicated in Fig. 3.29. In case B, however, GZ increases and then decreases until it
becomes zero when & = $¢. This condition corresponds to that illustrated by the
broken line in Fig. 3.28 and represents a state of unstable equilibrium. Any slight
further increase in ® would evidenty produce a capsizing moment. The curve of
GZ against @ is thus of the form shown (for case B) in Fig. 3.29 where usually
40° <y < 70". A typical example for a large naval ship, such as that in Fig. 3.2, is
shown in Fig. 3.30, In the limiting case & +0, M' =M and GZ —+GMd. Thus for
fixed G and M, dGZ/d® = GM, and the sope of the GZ curve at the origin is a
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Fig. 3.28

measure of the metacentric height and may be read off the GZ scale as indicated in

A ship may i be initially ble t ly in the upright condition
because of free-surface effects which disappear at small angles of heel, On each side
of the upright the ship becomes stable at an angle known as the ‘angle of loll', $, ,

Gz A

"\

Fig. 3.29
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Fig. 3.30 Curve of righting moments for a large warship.

and this isillustrated by the GZ curve in Fig. 3.31. If this loll condition is not recog-
nized as such and weights are introduced in an attempt to bring the ship back to the
upright, the effects could well be to move the ship's centre of gravity laterally from
its original location G to a new location G’ so that GZ is reduced by an amount
GG’ cos &, as shown in Fig. 3.31, so worsening the angle of loll to @y It may be
seen from Fig. 3.31 that one indication of a possible loll condition is that the slope
of the GZ curve at the origin is negative and thus GM is negative, that is, M is
below G.
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Fig. 3.31

A curve of righting moments does not possess great intrinsic value for the follow-
ing reasons:

(i) It is impossible for a ship ar resr to have an angle of heel in water ar resr
(assuming of course that the upright position is associated with stable equili-
brium}).

(ii) The possibility that equipment, cargo and fittings will shift is ignored.

(iii) Since a ship is not normally symmetric about a transverse plane the principal
axes of the water-plane section depart increasingly from fore-and-aft and athwart-
ships as heel is increased. In other words, because the ship is not symmetric
about the transverse plane containing G, B moves out of that plane so that the
ship assumes a trim (as well as the heel).

These shortcomings notwithstanding, it would clearly be prudent to obtain some
idea of how the righting moment varies, even if it is only by comparing the curves
obtained with those of previous ‘successful’ designs. Hawkey [5] describes the loss
of a controversial experimental ship through insufficient grasp by its amateur
designer of this very point. Further examples are discussed in [6].

As we shall discover elsewhere in naval architecture, there is a considerable
temptation to refine calculations that are known to depend on gross assumptions
even if, as here, the results can only provide rough guidance to the designer. The
traditional GZ curve is known to be vastly inaccurate on the last of the above three
accounts at heel angles of more than about 45°. Indeed, for some hull forms neglect
of trim fails to reveal important phenomena, such as the reduction in righting
moment in ships with a break of fo’c’sle that occurs when the after end of the
weather deck is immersed as a result of the trim by the stern that develops as heel is
increased. The designer would certainly wish to have some guidance on such behavi-
our as this, so that suitable action could be taken if necessary. Accordingly, now
that buoyancy calculations are carried out using digital computers, allowance for
trim may be made in estimating curves of righting moments. The exact nature of
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the allowance will not be dealt with here, however. Practical details of ship stability
are discussed in [7] and a comparable analysis of partially flooded ships is given
in [8].

In Fig. 3.28 we chose to assume that G was positioned in the fore-and-aft plane
of hull symmetry. It may not be so, however, and in this case the idea of a curve of
buoyancy is very useful. The shapes (and existence) of the curve and its evolute are
dependent on the geometry of the hull. If the position of G is offset, as in Fig. 3.32,
then the curve of buoyancy shows what the equilibrium configuration will be.
Moreover, if the angle of heel is varied, the variation of GZ (and hence of righting
moment) with & may be determined, as shown for the loll condition in Fig. 3.31.

Fig 3.32

3.5.6 Cross Curves of Righting M in Ship Calcuk

During its life a ship has to float with various vol of displ V. Therefc

the designer cannot confine his attention to a single surflce of buoyancy; strictly
speaking he should consider a number of such surfaces. Where conventional displace-
ment ships are concerned, this effectively means that a number of curves of righting
moments must be considered. Thus the GZ curve shown in Fig. 3.30 is merely one
of a set, each member of which corresponds to some selected condition of the ship.

Now the crosscurves of ny'm.ng moments could be found lt" t.he appropriate cross
curves of buoyancy described earlier were calculated as a inary step, In fact,
computations are usually made by direct numerical mtep’:uon using a digital com-
puter, thus bypassing the task of finding the curves of buoyancy.

The cross curves of righting moments are of value in design: they relate solely to
the geometry of the ship and permit curves of righting moments (or GZ) to be
drawn once the centre of gravity has been located in the plane of the transverse
curve of buoyancy. The cross curves of righting moments shown in Fig. 3.33 relate
to the ship in Fig. 3.2. The point S, about which moments were taken, was arbitrarily
fixed at some 8.4 m (28 ft) above the underside of the keel in the fore-and-aft
plane of hull symmetry at the cross section containing G and B. This choice of an
arbitrary point S arises because G is not necessarily a fixed point in the ship when
changes of displacement occur. Only when S is fixed relative to, say, the keel can
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Fig. 3.33 Cross curves of righting moments (curves of stability) for the ship of Fig. 3.2.

the cross curves of righting giving 5Z be d to depend on geometry
one.
In naval architecture the cross curves of righting moments are usually plotted in
the manner of Fig. 3.33 and described as ‘curves of stability’. However, the use of
the word ‘stability’ in this context (where large angles of heel are referred to) is

rather inappropriate.

3.6 Equilibrium of Weight, Buoyancy and Direct Thrust Acting Simultaneously

So far we have examined W and Fg and considered the stability of the equilibrium
that exists between them. It is by no means uncommon for significant problems to
arise with a more complex loading involving the application of direct forces. In
particular, cases arise in the docking and grounding of ships. While no new principles
are intreduced by these problems, one or two general points need to be examined.
An important practical problem arises when a ship is taken into dry-dock. To
understand it fully it is necessary to know that ships are often ‘trimmed by the
stern’; that is, the straight portion of the keel is tilted downwards at the rear. The
reasons for doing this are (i) it may decrease the resistance of the hull to forward
motion, (ji) it increases the immersion of large propellers, (iii) it usually improves
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directional stability, and (iv) it localizes docking stresses to an area where the hull
is suitably strengthened. It is this last point with which we will be concerned.

Suppose that a ship is trimmed by the stern and made to rest on dock blocks at
its after cut-up (ACU). Before the ACU touches the blocks the ship is as shown in
Fig. 3.34, where O is the centroid of the water-plane section and, for the sake of
clarity, the trim angle is shown exaggerated. As the level of water is lowered, contact
is made at the ACU. Thenceforth @ is reduced as the reaction force at the ACU
increases until the ship is about to settle down all along the keel. During the process
of settling, uneil just short of coming finally to rest, there is a problem of stability
in heel. This is because shores can only be used at the ACU, and if there are no
shores the question arises as to whether or not the system is stable. Thus the ship
might not remain upright as shown in Fig. 3.35(2) but heel as indicated in Fig.
3.35(b). Here we show W as the weight of the vehicle and do not refer to the
displacement A* (the weight of water displaced by the freely floating ship) owing
to the presence of the force P applied at K.

The force P applied at the ACU is greatest just before complete settlement. The
worst condition is therefore as shown in Fig 3.36 with V' as the new immersed
volume, It is necessary for this condition that a check on the stability in heel must
be made by finding P and the height KM1, where My is the transverse metacentre
for the lowered water plane at which complete settlement just occurs(as in Fig. 3.35).

Volume ¥
immersed ~ ACU

T T T T T T T T T T T T T T T T
Fig. 3.34

(a)

Fig. 3.35
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Fig. 3.36

The transition from the initial to the final (critical) configuration can be thought
of as occurring in two stages:

(i) reduction of ¥ to V' by the application of P at such a point that 8 is un-
changed at the point O in Fig. 3.34 for small changes in ¥'; and

(i) reduction of @ to zero without change of V' by a couple which, when added
to the force P, has the effect of shifting P to the ACU.

In other words, it is helpful to consider an intermediate stage between the initial
and final ones already described.

The advantage of breaking down the determination of P into these two steps s
that, if @ is sufficiently small, both may be analysed in terms of the simple theory of
Sections 3.5.3-3.5.6.

3.7 Equilibrium and Stability of Ships: Some Practical Considerations

In the preceding sections the approach to questions of equilibrium and stability of
floating bodies has been quite general, the main purpose being to draw to the reader’s
attention the various problems associated with the hydrostatics of such bodies.
(Many other problems arise when the hydrodynamics of marine vehicles are consid-
ered, as we shall find later, but clearly a ship must be stable when alongside a jetty
or hove-too in a channel otherwise an examination of the more complete dynamic
problems is largely a fruitless exercise.) To carry out a full analysis of launching,
docking, flotation, trim and static stability is a time-consuming numerical task and
beyond our scope here. The various techniques are outlined, for example, in [4].
However, a note of caution must be issued because in many instances calculations
have been undertaken using concepts which are inappropriate. Some cases have
been alluded to earlier, and in practice answers which admittedly predict the hydro-
static behaviour of a given ship with acceptable accuracy have often relied on
questionable empiricism. Nevertheless, provided that account is always taken of the
limitations of the theory, the following developments are important in the static
analysis of ships.

3.7.1 Flotation and Trim

The trim of a surface ship is the difference between the draught aft T, and the
draught forward Tr measured at some specified locations a distance L apart in the
i d-aft plane of sy y, that is, the Oxz plane in Fig. 3.24. The locations
usually chosen for are the fore perpendicular, namely the perpendic-
ular at the intersection of the stem with the water line at design load, and the aft
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perpendicular, namely the perpendicular (often) through the rudder stock or some
other significant point near the stem. Thus L is referred to as the length between
perpendiculars and is usually written Lpp. Consequently, we may refer to ‘trim by
the stern” Ty — Tf, or ‘trim by the bow’ Tr — Tx. Taking the former case as an
example we may then write for the angle of trim

tan 0 =(Ta - T¢)/Lpp =8 (327

when the angle of the trim is small, as it often is of course. As shown earlier, if a
floating body undergoes an angular displacement without a change of volume
displacement the rotation must take place about an axis passing through the centroid
of the water-plane section — in other words, at the centre of flotation. To avoid a
change of trim, therefore, the centre of gravity of any small mass added to the ship
must lie on the vertical containing the centre of flotation. Any other location of
additional mass will change both draught and angle of trim which may be thought
ofasa bi of parallel i ion and change of trim angle.

For parallel immersion (or rise) use is made of TPI in practical calculations as
described in Section 3.4.2. The phrase ‘tonne force parallel immersion® is largely
historical and a natural development of the original “ton force parallel immersion®.
The unit tonne force, equivalent to 1000 kg x 9.81 N kg™", is not itself an SI unit
of force. Furthermore, the distance of immersion in SI units is taken to be one
metre, whereas that corresponding to ton force has been taken as one inch. In short,
there seems little point in adopting a change from the abbreviation TPI provided
that ‘force per unit parallel depth of immersion’ is understood and that the units of
measurement are clearly star.ed. Some typi:a.l values of TPI using preferenzta] SI
umls are: frigate, 10 MN m ™ (= 25 tonf in~"); destroyer, 19 MN m‘ (=48 tonf
|.n ) cargo vessel of 200 MN (= ZDDODmnq d:splacemem 27MN m~! (=67 tonf

'); VLCC, 120MN m ™" (= 300 tonf in~

In analogy with TPl we may mlrnduce a practical measure of the moment
quired to produce a standard change of trim. It was found in Section 3.4.2 that
for rotation about the centre of flotation the centre of curvature of the curve of
buoyancy was the pro-metacentre M’ on the evolute, If we restrict our attention to
small angles of trim then the point M’ becomes nearly the fixed point M, the meta-
centre, Moreover, for rotations in the fore-and-aft plane of symmetry the distance
from the centre of buoyancy to the longitudinal metacentre My, given by BM,, is
very large for most ships, This is illustrated in Table 3.2, and for many purposes we

can assume that BMy and GMy_ are essentially the same, especially for naval ships.

Let us apply a moment C at the centre of flotation O so that the ship suffersa
trim by the stern. This is indicated in Fig. 3.37 in which the ship is kept stationary
but the water level is rotated from the reference condition WL to the trimmed
condition W;L;. A wedge of water is immersed aft and a corresponding wedge
emerges forward so that the centre of buoyancy moves from B to B, The buoyancy
force Fp, (= A*) acts in a direction perpendicular to Wy Ly and its line of action
meets the original direction of Fg (= &7 for constant displacement) perpendicular
to WL at My, The weight displacement W(= A*) of the ship acts through G and is
perpendicular to WL before trim and to WL, after trim, so that the moment C
must give rise Lo the couple A*.GZ, where GA is the perpendicular distance between
the parallel lines of action of £, and W. Whence

C=A*GCZ=A*GM_ sino,
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Fig. 3.37

For small trim angles sin 8 = § and therefore
C=A*GM, 6. (3.28)

Now if the trim in Equation (3.27) is written as r we may rearrange Equation
(3.28) to give
/4
C=A*CM, —,
YL
or
Cc a+GM,
t Lpp
The moment to cause trim MCT (applied at the centre of flotation) is C and the
moment to cause unit trim is C/t. Thus the left-hand side of Equation (3.29) is
referred to as MCT 1 metre or MCT 1 inch. Provided that the trim is small the
change of trim caused by an application of moment C at the centre of flotation is
C divided by the MCT (for the appropriate unit distance). Confusingly, a mixed set
of units is often used, but it is strongly recommended that consistent units be taken
for all calculations and any conversion to other units left as a final stage.
As GML and BMy are both large and nearly equal for most ships, ‘MCT unit
trim change' may be written as
A*BMy _ A* Iy _pely
Lpp Lpp V. Lpp

(3.29)

MCT(utc) = (3.30)

where [y is the second moment of area of the water-plane section about a transverse
axis (Qy) through the centre of flotation. Typical values of MCT are: frigate,
61 MNmm™" (2500 tonf ft in~'); destroyer, 168 MNmm ™" (= 1400 tonf ft in~');
cargo vessel of 200 MN (= 20000 tonf) displacement, 207 MNm m ™" (2= 1725 tonf
ftin™"); VLCC, 1900 MNm m~" (2 16 000 tonf ft in~'). It may be noted from
Equation (3.30) that MCT depends on the geometry of the water-plane section and
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on the density of the water in which the vessel floats. However, although the con-
cept of MCT unit trim change is useful, any calculation of the metacentric height
GMy_ from it is only approximate. Present practice now favours the greater use of
cross curves of righting moment, but both TPI and MCT are contained in the
quoted hydrostatic data for most ships.

As an example of the use of TPl and MCT we can consider the small changes of
draught and trim which occur as a ship moves from water of density p; to that of a
slightly different density p,. Assuming that the weight displacement of the ship,
A*, does not change then

A*=p1gVy =05
and 50

V=V, -V, =V (‘”""’), (331
P2

Buoyancy from this additional water layer occurs not at the centre of buoyancy B,

in water of density pj but, approximately, at the centre of flotation O at a horizon-

tal distance g away from it, as shown in Fig. 3.38, as a result of near parallel sinkage,

22967 gy
[
' ] WL,
IIEESENNSSRENEE NSNS SEE TITTITTITITTITITTIL L, o
o s 1 -
B~ Wik,
By

Fig. 3.38

Thus B, moves to By cormresponding to W3 L so that the horizontal component of
ByB; equals

apg8Y _abV _a¥, (m fpz) _aley —p2)
pEY2 V2 W P2 Py

But B, and G must be in a vertical line so the ship trims a small angle 8 about O to
make the horizontal component of B, B, equal to B;M 8. Hence

a_[(p1L—p2 P2\ _a* P2 A%
== -—)=a(l——) :n(l——)— 3.32)
2M ( 2 o1/ haeg P LPP(MCT)(
where Iy corresponds to water of density p2. In addition, the parallel sinkage
causes an even change of draught 8T given by

6% i(p —.02)=91£5V

(3.33)

T Awe AwL\ pa (TPI)

where Ay is the water-plane area of the hull.
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3.7.2 Stability of Ships and Floating Bodies

We shall consider first the problem of initial stability, which corresponds to very
small departures from an assumed equilibrium condition. We can therefore think in
terms of an identifiable fixed M. Angular displ take place about
the principal centroidal axes defined in Fig. 3.24, Of particular concern to us is the
question of stability about the Qx axis, and consequently we apply a small angle of
heel ¢ to the ship. As in Fig. 3.25, for example, there are three locations of import-
ance in problems of initial stability, namely, the centre of gravity G, the centre of
buoyancy B and the metacentre M.

(a) Effect on Stability of Small Changes to the Dimensions of an Immersed Hull
A measure of the streamlined shape of a ship may be obtained from the ‘fineness
coefficient’ defined as the water-plane area of the hull divided by the product
of the water-line length L), and the maximum breadth (beam) Bwy,, at the water
line when floating at the operating displacement. Clearly, Bwr x Lw is the area of
the circumscribing rectangle at the water line. When, in an initial design, a ship is
required to operate under conditions somewhat different from those originally
intended small modifications to the hull form may be necessary and which may
have a significant effect on stability. For example, when operation in confined
waters requires small changes to draught and beam it is useful if these changes can
be made without an alteration to the fineness of the ship. For this to hold, all
dimensions in a given orthogonal direction must be changed in the same ratio
although the ratio need not be the same for each direction.

Adopting generally B, L, T to indicate wetted beam, length and draught we may
write for the displacement

A*«BxLxT=k BLT (3.34)

where ky is a constant. Let us now suppose that B, L and T are each increased by a
small amounts 68, 8L and 8T respectively so that A* experiences a concomitant
small increase 5A*. Then

A% 4+ 8% =k, (B +8BYL +SLYT +5T)
=k (BLT + BTSL + LTSB + BLST)

when products of small terms are neglected. Use of Equation (3.34) finally yields

8o 5B SL 8T
& BLT

(3.35)

which indicates that the sum of the fractional changes in the main dimensions gives
the fractional change in the displacement.
Equation (3.21) for BM can be written as
1_, L8 _ B
BM===k, —=k, —
v kprThT (3.36)

where k, is another constant. We here consider M as the transverse metacentre,
since stability in heel is likely to be the most critical problem. Using a similar process
as before we find that a small increase in BM, arising from small increases in & and
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T, is given by

A(B'M) _28B 8T _ &(BG) +5(CM) @37
B T BG+GM )
Several interesting cases arise from Equations (3.35) and (3.37) depending on
the changes which take place. For example, if L and T are constant then the increase
in displacement is

58
SA* = A* —
B

and also if G remains fixed in the ship then for small angles of heel about principal
centroidal axes in the water plane the distance BG remains unchanged. Thus,
Equation (3.37) gives
5(GM) _ 58

R 2(3}3{) = (3.38)
and as BM > GM for most ships the fractional increase in GM is more than twice
the fractional increase in B. An increase in beam can therefore be seen as a good
device for increasing the righting moment for transverse angular displacements,
other factors remaining unchanged (which they seldom do).

If A* and T remain constant and the height of G above the keel KG is again con-

stant, Equation (3.38) holds. Furthermore, L must be reduced in the same propor-
tion as B is increased. When A® and L are kept constant

or__8
T B
and the possibility of a variation in KG arises. One may easily show that if KG = T,

5@GM) E)E.
T (3 +4m B (3.39)
and if KG is constant

8(GM) _ BG @)sa

e —(3+4_ i (3.40)

(b) Stability of a Uniferm Rectangular Block

The material making up the rectangular block must have a density less than that of
the liquid in which it is immersed otherwise the block will not float. Thus, the density
of the block relative to that of the liquid, 5, must be less than unity. Let us suppose
that the block of length L, breadth B and height H floats to a draught T as shown in
Fig. 3.39(a). Note that a uniform rectangular block floating in static equilibrium,
the line joining the centres of gravity G, and buoyancy B, to the metacentre M, is
not only vertical but parallel to one edge of the block. We will not examine the
orientation of the block when initial stability prevails.

The weight of the block must equal the upward buoyancy force, and so

PBLH =BLT,
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that is,
el
Py (3.41)
If we identify K with a point on the bottom surface of the block at the intersection
with BG produced we can write
T I_18* B H
== =—=—" _=—_. KG=-—
KB 2 V 12BLT 12T’ L Qs
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Here we have chosen to examine the initial stability of the block undergoing a small
angular displacement about a centroidal axis in the water plane and parallel to the
longest side of length L. The metacentric height is therefore given by

3 I,B H
m-lm»fm-m-?nr_z,
or, using the result in Equation (3.41),
2 2-
m:‘m_ (3.42)

12pH
The condition for initial stability is that GM > 0, and for this to be true Equation
(3.42) shows that

2516301 - DI, 343

We see that for the block to float in stable equilibrium restrictions are placed on
both geometry and relative density.

The variation of the right-hand side of the inequality (3.43)is shown in Fig. 3.39(b)
and is seen to exceed unity when g lies between 0.211 and 0.789. In other words,

B> Hwhen 0.211 <5 < 0.789, (3.44)

a condition which ensures that the block will float with its largest surface parallel
to the water plane as we have taken L > B, Similar arguments apply for stability
about a centroidal water-plane axis parallel to the side B.

When 7 lies outside the range given in condition (3.44) the condition (3.43) can
be satisfied for values of B which may or may not be greater than . The block may
then float in stable equilibrium with any face uppermost.

The preceding discussion also applies to a rectangular pontoon provided that the
wall thickness is uniform. In this case p is not the relative density of the material
comprising the walls of the pontoon but the ratio of its total mass to the total vol-
ume enclosed by its external dimensions.

(c) The Wall-sided Formula

In Section 3.4.2 the angular displacement of a floating body was considered to be
small and it was concluded that the rise of the centre of buoyancy was negligible
compared with the corresponding horizontal translation. Angular displacements
are also considered small for the assessment of initial stability, but in this case it is
useful to determine relationships for second-order effects as these may, in some
circumnstances, be significant.

For stability calculations many ships may be considered to be ‘wall-sided’, that
is, the part of the outer hull which emerges or submerges, following an angular
displacement, is perpendicular to the water plane when the ship is upright. The hulls
of most ships away from the bow and stern tend to be wall-sided, at least for small
angles of heel of less than 10°, say. Container ships and very large crude-oil carriers
(VLCC) are quite obviously consistent with the wall-sided assumption owing to
their box-like form, that is, they have a high *block coefficient’ defined as V /BTLpp.

In Fig. 3.40 an elemental length 8L, perpendicular to the plane of the diagram,
of a ship with a wall-sided cross section is given a small angle of heel ¢. We again
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adopt the notion that the ship remains stationary with a rotation of the water line
from W,L, to WL, through angle ¢ about the centre of flotation O so that the
volume of water displaced by the ship remains unchanged. If O is not the origin of
the principal centroidal axes then the points shown in Fig. 3.40 must be regarded
as projections on to the chosen transverse plane of the actual points in the ship.
Because ¢ is small we may invoke the concept of a metacentre M, which can be
considered a stationary point and, in the upright position of the ship, lies on the
vertical centre line along with the centre of gravity G and the centre of buoyancy
B, . After the application of the angular displacement ¢, B; moves to B, and the
huoy force lies on a line perpendicular to the new water line W, L, and inter-
mduned at M. The point Z lies at the foot of the perpendicular drawn
from G to . As the general derivation of the coordinates of the centre of buoy-
ancy given in Sectmn 3.4.2 applies here, the procedure may be used for a wall-sided
cross section with a vertical plane of symmetry.
Because ¢ is small the water-plane area of the ship is little changed and hence the
moment of the volume of the elemental wedge (shaded in Fig. 3.40) transferred
from the emerged side (on the left) to the immersed side (on the right) is given by

B B B
zxix—tamtxﬁ.[.xlx—xi
In the limit §L = 0, and the total moment of transfer of volume is thus
L g?
|ln¢dL ——Ian¢=llm¢
0 12 12
where [ is the second moment of area intercepted in the water plane Wy L;. Thus
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the shift of-B, to B} in a direction parallel to W, L; is given by

BBy = < 1;:1 ? B Muno (3.45)

from Equation (3.21).
The shift of B} to the final position B; in a direction perpendicular to W, L, is
obtained in a similar manner from Equation (3.21):

L
Ez'_Ba=%S ; "B_), glanﬁxh; Elanntd.L
IJ"-
24tan ¢dL
I
=jgtan ¢——mm‘a (346)

Before proceeding further it is worth examining Equations (3.45) and (3.46) in
relation to Fig. 3.40. It may be noted that Equation (3.45) is inconsistent with the
geometry of Fig. 3.40 because B3 and B; are two different points. Furthermore, M
is the limiting position of the pro-metacentre M' (see Fig. 3.16) when ¢+ 0 and
B M is not equal to B;M'. The distance B;M' is related to the second moment of
area of the instantaneous water plane W,L, where the beam then is Bsec ¢. A
measure of the error in the approximation is in fact the distance B;B, but again
Equation (3.46) is in error because / is related to the water plane W, L, .

With these limitations in mind let us obtain a useful relationship for the righting
level GZ. From the geometry of Fig. 3.40 we find that

GZ =B, B} cos ¢ +B3B sin ¢ — B Gsin ¢

- (BTﬁ _BG+ E'TT"mﬁ ¢) i
that is,
oz (om I .p) o @3.47)

after using Equations (3.45) and (3.46). Equation (3.47) is referred to as the ‘wall-
sided formula’. Since GM and B, M can be calculated for a given condition of ship

may be readily obtained. Nevertheless, even though an additional term is con-
tained in Equation (3.47) compared with the first-order expression

GZ = CM sin ¢, (3.48)
the small-angle assumption is implicit in the use of both Equations (3.47) and (3 48).
But how small is this amount? To some extent this is at the discretion of the

analyst. Suppose that the second term in parentheses in Equation (3.47) can be
considered small (and therefore By and Bj are separated by a negligible distance) if
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it is no more than 10 per cent of the metacentric height GM, that is
1 GM
SEM-
For ships B;M may typically be five times as large as GM and so

tan? g < =

1
t <
an ¢ 5

or ¢ < 12°. Certainly substantial, but unknown, errors arise if Equation (3.47) is
used for angles of heel greater than 15°. For higher angles reference must be made
to estimates of GZ based, usually indirectly, on complete surfaces of buoyancy or
on cross curves of stability (see, for example, Fig. 3.33) knowing the location of G
relative to the fixed point 8.

Should the wallsided ship contain an off-centre, vertical-sided tank partially
filled with a liquid then the righting lever GZ is reduced. To first order, the destabil-
izing effect is given by Equation (3.27) so that

TZ-= (tm = % z,,,;,) sin ¢. (3.49)

To second order an analysis similar to that leading to Equation (3.47) produces the
equivalent form for the effects of a liquid free surface within the hull:

e 1
GZ-= {GM—%Epﬂle(m—%me) mn’.pls'm‘p. (3.50)

The preceding restriction on the magnitude of ¢ is also placed on Equation (3.50).

(d) Complete Stability

An examination of complete stablhty mquues the removal of the restriction to
small angular disp and i lid: the wall-sided assumption.
We have seen that different loading condmons cause the centre ol‘ gravity of a ship
to move, and consequently cross curves of stability are based on a righting lever
measured relative to an arbitrary fixed point S in the ship. Even if the displacement
remains constant, so that the volumes of the emerged and submerged parts of the
ship are equal, the centre of flotation moves out of the longitudinal, vertical centre
plane. Simple equations relating the righting lever to the angular displacement can
no longer be derived in a straightforward way.

Nowadays it is usual to derive the data for plotting cross curves of stability from
computer programs describing the hull shape. Nevertheless, there are still occasions
where the use of manual techniques is valuable, especially as these techniques
illustrate principles and levels of accuracy more clearly. Numerous techniques are
outlined in [4] but they will not be pursued further here.

A recent approach to transverse stability is given in [9] where it is recognized
that ships in service may suffer significant changes in weight displacement from the
original design values. These changes may cause sufficient deterioration in the trans-
verse stability of a ship to necessitate ballasting, or limiting the use of fuel, or some
other type of variable loading. The procedure is to adopt constant stability criteria
and then to calculate ship hull shapes to satisfy the derived specifications. A number
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of criteria may be contemplated. For l t righting
A* GZ shows that the change in second mumcm of area of the water plane is equal
to the product of the added buoyancy volume — equivalent to the added weight
displacement — and the height of the added weight above the initial water surface,
This result may be reduced to simple geometric terms by imposing restrictions on
the slope of the hull cross section at the water line along the length of the ship.
Another possibility is to keep the metacentric height constant with changing
displacement. The result is a purely geometric relation for small changes, namely

8 KM-T

dr 3 -

which avoids assumptions concerning the height of added weight. Furthermore,
changes of trim may also be incorporated quite simply in this second criterion in
addition to the parallel sinkage. The results of the hydrostatic analyses, when trans-
lated in terms of flare of the hull, tend to agree with the naval architects’ empirical
results obtained through experience.

The principles can be extended to non-hydrostatic conditions and used as a
preliminary to studying the dynamic roll behaviour of a ship in waves. For such a
treatment it is necessary to take into account the distribution of pressure forces on
the hull rather than integral values of ship form such as centres of volume, second
moments of area of the water plane, etc, Both large and small angles of heel can be
examined as well as changes in vertical pressure gradient in the water arising from
the presence of waves. However, since quasistatic conditions are assumed it is likely
that hydrodynamic effects such as wave making, viscous shear stresses on the hull
and so on could lead to different results. Nevertheless, the addition of flare and
reduction of GZ do seem reasonable stability criteria for most ship operations and
designs.

3.8 Vehicle at Rest in a Non-stationary Fluid

Certain types of fluid-borne vehicle are capable of remaining at rest while supported
by fluid forces other than buoyancy. This is evidently true of hovercraft and heli-
copters, but the fluid which supports these vehicles does not remain at rest. We
shall examine briefly the nature of the supporting forces involved and refer in passing
to the stability problems associated with them.

3.8.1 Aerostatic Force

The air-cushion vehicle (ACV) or hovercraft is one form of ground effect machine
(GEM). GEMs are vehicles that are supported either wholly or in part by air pressure
below, or by suction above, through operating close to the ground. As a hovercraft
generates its supporting force without requiring forward speed to generate pressure
differences, it is an ‘aerostatic’ GEM.

An aerostatic supporting force may be developed in two principal ways: by the
use of (i) a plenum chamber or (ii) a peripheral jet, both of which are shown
schematically in Fig. 3.41. There are several variants of each type, incorporating
skirts and side walls, and most of them arise from the wish to improve cushion
performance by reducing the air leakage gap. These matters and the performance of
hovercraft generally will be taken up in more detail in Chapter 6. We are concerned
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i W )

la) b
Fig. 3.41 Schematies of air-cushion vehicles: (a) plenum chamber; (b) peripheral jet.

here only with a simple representation of the hovercraft at rest but supported clear
of the ground by a cushion of air at a pressure in excess of the ambient value.

1t is not easy to calculate the aerostatic force generated in a hovercraft with any
great accuracy. Some practical methods of estimation that have been used will now
be outlined in a rudimentary fashion. The basic difference between plenum chamber
and peripheral jet systems is made clear from the theory used.

(a) Plenum Chamber Craft

Figure 3.42 shows a half section of the plenum chamber of a hovercraft. The atmos-
pheric pressure is py and the gauge pi (relative to pheric p

within the chamber is p.. Let us examine the steady flow of unit mass of air from a
point within the chamber where the air is assumed to be stationary to a point in the
side jet. We consider the air to be inviscid and of constant density p. The application
of Bernoulli's equation to a given streamline passing through a point in the cushion
to a point in the constant-thickness jet gives

1
PatpPc=pa +59Vf,

where ¥; is the (uniform) velocity of the jet and the effects of changes in elevation
are considered negligible. It follows that

Vi=\(2p:l0).

Atmospheric
pressure p,

1 Pe lgauge)
Velocity =0

—V,

Jet

Fig. 3.42
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In practice, ¥ is somewhat lower than this owing to the presence of viscous shear
stresses at the perimeter of the orifice (which has a length ! and height k). These
shear stresses acting at the ground and on the edge of the craft give rise to a coef-
ficient of velocity € which is slightly less than unity. It is thus found that the
actual jet velocity is given by

Vi = C/(2pclo). (3.51)
The mass of air entering and escaping from the chamber in a time interval 8¢ is
&m = pIC.hVist

where C, is a coefficient that is a measure of the contraction of the jet after leaving
the orifice. In the limit §¢ = 0, and using Equation (3.51), we may write

dm

37 =™ = PICkY; = Calln/(2ppe) (3.52)

where Cy = Cy x Cq is the discharge coefficient for the peripheral orifice surrounding

the air chamber. It is found that C4 depends on the angle @ (shown in Fig. 3.42).
The aerostatic force, Fa is now

mis
Fa=p.S= G (3.53)

where § is the planform area of the chamber measured to the lower edge of the
chamber wall.

Provided that the surface on which the vehicle is supported is horizontal and the
gap h is constant round the cavity, F acts vertically upwards. In addition, Fj acts
through the centroid of the planform area.

The pressure p; will not in fact be constant throughout the chamber. As a result
of the acceleration of the air, there will be a gradual reduction in pressure as the
periphery is approached; therefore Fj is over-estimated, Moreover £, acts through
the centroid of the planform area only if conditions are symmetric about a vertical
centre line.

This theory can be regarded only as a very crude approximation for a hovercraft
at rest (or at low speed) over water because the air gap changes significantly from
what the free surface would indicate it should be. Considerable distortion of the
water surface occurs, as would be expected. The theory is thought to be fairly
useful for a hovercraft travelling over land and at high speeds over water.

(b) Peripheral Jer Craft

Any one of a number of theories can be used to estimate F_for peripheral jet craft.
We shall consider a very simple (and not wholly convincing) one here. The idea of
the peripheral jet is that the jet is deflected by the high-pressure air trapped under
the vehicle as shown in Fig. 3.43.

If the fluid is assumed to be of constant density we may choose a control volume
with end sections 1 and 2 of equal area a x 8/, the distance 5] being measured
perpendicular to the plane of the diagram. The assumed uniform velocity of air
through these two sections will be the same, ¥j say. We shall equate the impulse to
the increase of momentum in the direction of outflow for the time &r. This impulse,
which is applied at the inner surface of the control volume by the entrapped air is
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Fig. 3.43

Ppchblse. The increase of momentum is the momentum of the emerging element of
air at end section 2 minus the component of the momentum of the entering air at
end section 1 in the same direction. That is,

{(Viasistp)V; — Viablstp(~V;cos 0)} = pchéiss
whence

Peh = Viap(1 +cos 0) (3.54)
The aerostatic force is then

Fu = pes = S0l rcos) @359

where S is again the planform area of the lower surface of the base of the craft. As
might be expected, there are many improvements on this theory in the literature
(see Chapter 6).

3.8.2 Thrust Force of a Fluid

The only common air-bomne vehicle that uses a rotating propeller to produce a
vertical thrust is the helicopter; VTOL aircraft mostly use vectored jet thrust for
vertical support. In both cases the thrust is obtained by accelerating air downwards.
For our present purposes it is sufficient to note that the thrust acts along the axis
of the rotor or the jet. Consequently, if the vehicle tilts the line of action of the
thrust will tilt with it. The magnitude of the thrust, Fr, will change only if the
operating conditions are varied. In other words, the controls of the prime mover
must be adjusted. In particular, Fy is independent of the attitude of the vehicle,
3.8.3 Srability Considerarions
In the equilibrium configuration of an ACV, W = Fj,, and we shall do little more
here than indicate in 2 decidedly rough-and-ready way that the equilibrium can be
inherently stable.

An ACV clearly has neutral stability for a small lateral translation and positive
stability for a small vertical translation. This is because a small downward motion
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reduces the clearance h which increases the aerostatic force Fa . On the other hand,
a small upward motion increases h and so reduces the upward force.

It remains for us to examine what happens if the vehicle experiences a small tilt.
For simplicity we assume that the small angular displacement ¢ is one of heel about
a line drawn in a fore-and-aft plane of symmetry, as in Fig. 3.44. (To maintain the
equality of W and Fi it is necessary to heel the vehicle about a particular axis in
the plane of symmetry.) The line of action of F, moves towards the point of least
skirt clearance, through a distance y, say. This movement raises some questions as
to the cross flow athwartships under the vehicle. (Sometimes a longitudinal partition
is placed in the cushion to impede such flow.) The righting moment about the
centre of gravity G is pFa, which is essentially a positive quantity. Any attempt to
estimate y is unlikely to yield reliable results, however.

Fig. 3.44

We tum, finally, to vehicles that are supported by fluid thrust forces. The magni-
tude of Fr will normally be independent of small vertical, or horizontal, motions,
because its niagnitude is under the direct control of a driver. The vehicle is thus in a
state of neutral stability as far as displacements are concerned.

Consider now a small rotation as shown in Fig. 3.45. As the direction of Fr
rotates with the vehicle and thus always acts along a line fixed to the vehicle, the
rotation makes no significant difference to the equilibrium. The vehicle is therefore
in a state of neutral stability in rotation also.

Fr

Fig. 3.45
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This discussion is of course a highly idealized one. It is unsatisfactory for a heli-
copter with its flexible, hinged rotor blades, but for conceivable underwater applica-
tion (in manoeuvring for instance) it is probably fairly reliable.

3.9 The Structure and its Loading

To continue our study of statics, it is convenient to isolate the vehicle structure as a
mechanical ‘system’. Such a system experiences both internal and external forces.
Let us begin by considering the external forces, that is, those forces which act across
the boundary surface of the system. Some idea of the complexity of external
loading can be obtained by examining Fig. 3.46. It will be readily understood that
the study of loading actions forms a complete, and very difficult, subject in its own
right.

The loading actions from external forces give rise to internal forces, which prod-
uce stresses and hence strains and deflections. (These may be augmented by strains
from thermal effects.) Total strains and deflections may be sufficiently large to be
associated with *failure’ in some sense. Some examples of failure are:

(i) gross plastic collapse, involving ductile failure;
(ii) cracking by ‘brittle fracture’;
(iii) fatigue —note that some stress cycling can be of very low frequency, as
with docking stresses or the submergence of submarines;
(iv) structural instability, for example, wrinkling of plating or buckling of
bottom grillages;
(v) excessive static deflection, causing the
(vi) excessive vibration or noise;
(vii) tearing, for example, of the skirt of an ACV;
(viii) other deteriorations of material, for example separation of the laminates of
a dracone or of fibre glass.

‘The complex area of general structural analysis is conventionally divided into (i)
structural statics, in which time-dependent forces are excluded, and (ii) structural
dynamics, in which time-dependent forces do appear. Our purpose is to introduce
here the first of these types of analysis and to discuss structural dynamics in Chapter 9.
Structural statics (or, less accurately but more commonly, ‘structural analysis’) is
mainly concerned with the strength and ability of structures to withstand loading
actions without unacceptable distortions —and to continue to do so for a stipulated
life-time,

In order to apply criteria of failure it is usually necessary to investigate stresses,
strains and deflections. We have therefore to examine internal forces, and to find
these internal forces, given the external ones, is the classic problem of structures.
The technique is, of course, to consider the behaviour of parts of the system, as
indicated in Fig. 3.47. The approach is to invoke the three principles upon which
the whole of structural analysis (both static and dynamic) is based. These principles
relate to: (i) force and moment equilibrium of systems and sub-systems; (ii) geo-
metric compatibility of sub-systems with each other; and (iii) a physical law govern-
ing the relevant properties of the material concerned as regards stress, strain, temper-
ature, etc. (It will be recalled that there is an important special case of structures in
which equilibrium may be examined without reference to the physical law relating
to stress and strain, namely, that of ‘static determinacy”.)

of a shaft for instance;
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Fig. 3.47

Over the years a tremendous volume of work has been done in the study of the
classic problem of structures; and, as this type of analysis readily admits the use of
automatic computation, great strides have been made recently, especially with ships.
Nevertheless, serious uncertainties remain and much more work needs to be done.
But this is not the only, and indeed perhaps not the principal, area where research
is badly needed. With the sole (and important) exception of deeply submerged
wehicles, the study and specification of loading actions remain a serious source of
difficulty. In other words, what are external forces and how important are their
dynamic effects?

3.9.1 Dererministic and Probabilistic Analysis

It is impossible to assign definite values to real phenomena, but we can usually at
least consider the probability that specified values will be ded. The beh

of engineering systems under the influence of the forces of nature has this proba-
bilistic character. Thus random analysis must generally be used to describe phen-
omena adequately. Random analysis, because it accepts and takes uncertainties into
account, obviously has attractions [10]. It is a relatively new development
which is steadily gaining ground in ics and naval archi

other fields, but although it may well come to be used exclusively in marine work
in the future it is at present only at the devel stage, Furth ore, our knowl-
edge of loading actions and material behaviour is still inadequate.

For the present it is usually necessary to continue to accept the deterministic
approach. In this traditional technique definite values are assigned to those param-
eters that are selected to describe the ‘input’ of an engineering system. In assigni
definite values to the input the analyst may have views on how likely they are, but
these views are not expressed explicitly in his calculations. Definite values are then
sought for those parameters that are chosen to describe the ‘output’. The analysis
is performed using a prescribed and agreed mathematical model of the system. In
structural analysis the ‘input’ is the loading, the ‘model’ is the idealized form of the
structure adopted for the purpose of analysis, while the mechanical parameters of
interest (usually stresses, strains, deflection or collapse load) constitute the ‘output’.

Provided that the analytical methods of calculation are not at fault, deterministic
analysis does not give the wrong answers; it may simply not pose the right questions.
Even so, deterministic analysis can be said to represent 2 useful framework and it
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would be foolish to deny that it has had great success up to now. The following
are typical d inistic problems from the field of ship structures:

‘What stresses and deflections will a main transverse bulkhead experience if an
adjacent compartment is flooded?

‘What stress occurs at the base of a mast when the ship rolls in simple harmonic
motion with an amplitude of 25°7

In contrast, typical probabilistic problems raise such questions as:

What is the probability that the stress at the base of the mast will ever exceed
60 per cent of the yield point of the steel?

What is the probability that fatigue cracking will occur in the fore-end plating of
a frigate?

Not surprisingly, problems of the latter sort are very much more difficult to solve
than those of the former.

Deterministic analysis at first sight appears to have some merit in yielding a
definite set of values on which to base decisions; a random analysis yields only
probabilities of the occurrence of various sets of values. But the certainty of the
deterministic approach may be unreal; it is also potentially dangerous if it conceals
ignorance. Nevertheless, in this chapter we will deal with deterministic structural
analysis. The analyst selects ‘design cases’ to provide a basis on which to choose the
sizes of structural members. In so doing he has to decide:

(i) which structural members justify his attention; time and effort will preclude
an examination of everything, so that experience has to be called into play;

(ii) what forms of loading to take into account;

(iii) how the structural component under consideration can be isolated from its
surroundings for the purpose of analysis, and then itself idealized; and

{iv) what types of ‘failure’ to take into account (unstable collapse, fatigue crack-
ing, deflection, etc.).

Note that the analysis raises a question of ‘scale’. Some problems of structural
analysis are essentially general. For example,

How thick should the shell of a submarine’s pressure hull be?

In contrast, some problems can be regarded as essentially local, a ‘unit analysis’, so
to speak. For example,

What reinforcement should be provided around a hatch in a submarine’s pressure
hull?

It will be appreciated that it is impossible to draw up a list of all the potential
design cases that can arise. Indeed it would be misleading here to attempt to put
into spurious order what may seem a chaotic subject. Part of the structural analyst’s
skill lies in seeing what may or may not be important, and this can vary enormously
from vehicle to vehicle and with operating conditions. For example, the structure
of a ship’s side is determined by considerations of loading by gravity and buoyancy
forces, but in a nuclear-powered ship a quite different design case must be considered.
It arises from the need to protect the reactor in a collision by using the plastic
deformation of the hull to absorb energy.
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3.10 External Loading by Gravity and Buoyancy
Perhaps the most basic problem of structural analysis in the marine field is that of a
prismatic body floating on the surface of still water. In general, such a body is
stressed because the gravity force per unit length g, is not everywhere balanced by

the buoyancy force per unit length gp. To illustrate this point let us consider a
rudimentary, long, thin barge floating on the water surface, as shown in Fig. 3.48.

_ [~ 7
- ] -

T

Force/Unit lenqth - J"’B
|

L

T

Fig. 3.48

The uniform barge is rectangular and we shall neglect the weight of the ends, so
that gy is constant. For equilibrium to prevail it is necessary that the net upward
force and the net moment of forces about an axis perpendicular to the plane of the
paper are both zero. These conditions give, respectively,

L L
j gl +§ apdx=0 (3.56)
o 0
L L
S qgxdx +§ gpxdx =0. (3.57)
[ 0
For this case,
q9g= 4B

so that the net load per unit length is
7=qg+qa=0

for all values of x. Hence there is no bending moment at any section of the body.
Suppose that an additional uniformly distributed load per unit length, g, is placed
on the middle half of the barge. The curves obtained for g4, g and g are those
shown in Fig. 3.49. However, the net loading q is now associated with shear forces
and bending moments.
Let us consider an element of the barge at a distance x from the origin O and of
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Force/unit length

Fig. 3.49

length §x in the x direction, as shown in Fig. 3.50. The element is shown perpendic-
ular to the x axis because deflections (and therefore slopes) of a load-bearing
structure are invariably small. The sign convention adopted here is to regard forces
as positive upwards (i.e. in the Oz direction) and moments as positive when clock-
wise. The magnitudes of the shear force and bending moment on face 1 of the
element are, respectively, S and M with the corresponding magnitudes § + 55 and
M +38M on face 2. Thus, for equilibrium of the element, the net force and net
moment on it must both be zero. That is

S+55+qbx -S=0
and

M+8M—(S+S+53')%—M=O.

Taking &x to be small, retaining first-order terms and then proceeding to the

Fig. 3.50
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limit 5x - 0 gives
as _ dM
et B E=S. (3.58)

The curves of shear force and bending moment for the barge are therefore as shown
in Fig. 3.51. Note in this figure that | S | is a maximum when g =0 and | M| isa
maximum when § = 0, in keeping with expressions (3.58).

9| a
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Fig. 3.51

If the uniformly distributed load per unit length, a, is shifted to one end (so as
to extend over the range 0 < x < L/2), the loading curve is as shown in Fig. 3.52.
The variation of gg shown here may be deduced by combining parallel immersion
for the load aL/2 spread evenly, and the trim change on application of the moment
aL?/8 about mid-span caused by point loads distant L/4 (downward) and 3L/4
(upward) from the origin. Thus, at distance L from O,

3a a
=ht———=h_—
@bty -=b-g

and at O,
a Sa
q.=b+5+7=b1-?.

From these expressions we should be able to find new curves of § and M. Further-
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Fig. 3.52

more, if the assumptions implicit in beam theory are accepted as tenable, it is
possible to calculate stresses, strains and deflections.

This simple approach has ignored the question of how the loading is accepted by
the structure. The creation of internal forces by the application of external loads
will depend upon how these loads are applied. Loading applied to the deck would
give rise to local internal forces quite different from those that would be obtained
if the same loading were applied to the hold or the side. In other words, to avoid
complications, we allocate gravity and buoyancy forces to those specific discrete
lengths of ship in which they act and assume that they are evenly spread within
that length.

The barge which we have examined has been static. Static analysis may also be
applied to bodies which are moving but have achieved a steady state, such as a motor
car moving along a road at constant speed in still air. A marine vehicle, however,
moves at the interface of two fluids and creates a pressure field in each fluid which
causes the interface to distort. The resulting self-generated wave system changes the
static load distribution and may well exacerbate the original condition. While it is
not common practice to do 50, the bending moment so caused might perhaps be

d on that di d in the next section.
3.10.1 Gravity and Bi y Loading of Ce | Surface Ships
Although the foregoing remarks relate to a highly idealized vehicle —ar gul

barge with weightless ends in still water — they are of direct relevance to conven-
tional surface ships. Let us therefore pause briefly to consider a practical surface
ship in still water. The loading curves resulting from a step-by-step weight analysis
are similar to those shown in Fig. 3.53. Note, however, that the g, curve can be
significantly affected by the placing of cargo and that calm water will not provide
the greatest variation of gp.

More severe loading will occur when a ship is running into, or before, relatively
long waves at sea. In the past, structural analysts, working long before the days of
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Fig. 3.53 Loading curves for the ship of Fig. 3.2,
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random analysis (with its ability to take account of the random character of sea-
ways), tackled this problem by simplifying it drastically. Two ‘wWorst cases” were
derived for the gz and gp curves, as indicated in Fig. 3.54. The main assumptions
underlying these ‘worst cases’ are:

(i) All dynamic effects are negligiblet.

(ii) The ship is statically balanced on a single wave equal in length to the ship
so that (a) the buoyancy force due to simple hydrostatic pressure and the weight
are equal, and (b) the centres of buoyancy and gravity lie at the same longitudinal
position.

(iii) The wave is trochoidal and with a height, from trough to crest, equal to
one-twentieth of its length.

(iv) In the ‘hogging worst case’ (with wave crest amidships) specified disposabl
weight is removed from amidships. In the *sagging worst case” (with wave trough
amidships) all disposable weight is removed from the ends.

(v) Direct stresses and strains in the ‘ship beam" — or ‘ship girder’, as it is some-
times referred to — can be found by applying simple beam theory with § and M
found by integrating g(x).

Sagging
Fig. 3.54

From the last assumption it follows that the greatest direct stresses occur at points
furthest from the neutral axis, as the direct stress o = My/[. (Here y is the distance
of the point in question from the neutral axis about which the second moment of
area of the cross section, in which the point lies, is I.) In the hogging worst case the
greatest tensile stress occurs in the deck and in the sagging worst case in the keel.
This is because the heavy keel structure tends to produce a neutral axis aa slightly
below mid-depth of the cross section, as illustrated in Fig. 3.55.

The fact that a ship design is examined in this way does not mean, simply, that a
ship is likely to fail under direct stress. (A ship could do so, of course, and ships
have broken in two in a seaway, possibly as a result of failure in tension.) Indeed,
too high a bending moment could produce failure by buckling of plating near the
keel when the ship is hogging or in the deck when the ship is sagging. The point is
that the longitudinal strength calculation, as it is commonly called, does give the

t More recent analyses of very large ships [11] have shown that this assumption is no longer
tenable for those cases.
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1?
Fig. 3.55

analyst a “feel’ for a design. Estimated tensile stresses for successful designs of the
past are shown in Table 3.3. Note in this table that the differences between the two
sets of stresses arise from the difference between the hogging and sagging bending
moments and the heaviness of the keel structure which tends to give a low neutral
axis (as already mentioned).

Table 3.3  Estimated direct stresses for ships (from [4]). Units are metre for length and
MN m™2 for stress, with [t and tonf in—2 respectively in parentheses.

Direct stress
Ship Length
Deck Keel
(hogging) (sagging)
Frigate 100 110 90
(328) (7.122) (5.825)
Destroyer 150 125 110
(492 (8.0%4) (7.122)
Cargo vessel 200 110 90
(656) (1.122) (5.825)
Alrcraft carrier 250 140 125
(820) (9.065) (8.094)
0Oil tanker 300 140 125
(984) (9.065) (8.094)

Figures 3.56, 3.57 and 3.58 show shear force and bending moment curves for
the ship to which Fig. 3.53 refers. They relate to the still-water case, the hogging
worst case and the sagging worst case respectively.

It is customary in mercantile practice to separate the still-water bending moment
from the total. The remainder is the augmentation of the still-water bending moment
by a wave and is called the wave bending moment. There is a good reason for this.
The wave bending moment is due wholly to the geometry of the wave and the ship.
It is, therefore, often considered to be proportional to Bwyp Ly, where n lies
between 2.3 and 2.5. This relationship has been based upon the assumption of long
sea waves hxvi.ng a trochoidal contour as described in Chapter 2, The constant of
proportionality is a function of the type of ship and the block coefficient of the
underwater form. The still-water bending t, h , is sub ially under
the control of the ship’s master, who must closely follow the directives of the
Owners and Classification Societies if his method of working his holds is not to
cause unacceptable still-water bending moment, or even fracture,
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Fig. 3.56 Still-water loading, shear force and bending moment curves for the ship of Fig. 3.2.

The ‘ship girder’ can also be examined in terms of the distribution of shear
stresses 7 in response to the shear force §. Use may be made of an elementary result
of beam theory, namely,

75%’7. (3.59)

In this equation, Ay is the first moment, about the neutral axis of a given transverse

cross section of the hull, of that part of the cross section beyond the location at
which 7 is required. The second moment of area of the whole cross section about
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Fig. 3.57 Hogging case;loading, shear force and bending moment curves for the ship of Fig. 3.2.

the neutral axis is / and b is the breadth of material at the location of interest. It
therefore appears that failure in shear is most likely to occur in the sides near the
level of the neutral axis at points along the hull where the shear force is a maximum.
But in fact there is not really much point considering acceptable values of r since
shear fracture is most unlikely to occur. Failure is far more likely to consist of panel
wrinkling, as indicated in Fig. 3.59, Liability to wrinkle depends on panel thickness,
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stiffener spacing and size of plate, as well as on the ship’s cross section. In short,
this is a problem of unit analysis.

Understandably, early analysts regarded the direct stresses determined in the
longitudinal strength calculation, as having some standing in their own right. It was
soon recognized that because of the unrealistic calculations the computed stresses
were meaningful only in a more limited sense. As already mentioned, they provide a
basis for comparison between a new design and previous successful practice. Because
of this comparative nature it does seem that the many refinements in the calculation
are rather misguided.

Perhaps the most sensible refinement is that which takes account of the observa-
tion that waves are less steep the longer they are. This fact led naval architects to
use the empirical relationship,

height from =11 length from
trough to crest = crest to crest J°

and toidentify the length of the wave, again, with the length of the ship, a postulate
which is a less demanding one for long ships.

One of the undoubted advantages of the deterministic ship girder approach is
that it provides a simple (if hat listic) of field stresses. This
can reasonably be used as a sort of background against which particular problems
can be investigated. Thus, in the hope, that the mgru.ﬁanoe of the results will be
masked by extraneous plicati one can

(i) the effects of stress concentration (as at hatchways, abrupt changes of
section, etc.);

(ii) the possibilities of local collapse or yield (i.e., the longitudinal strength
calculation makes a convenient basis for unit analysis);

(iii) the effects of ‘built-in’ stresses (but these are very difficult to analyse and
the additional complications of rolling and welding of plates do not help);

(iv) application of more refined theories of beam analysis (e.g. ‘shear flow"
theory);

(U] the)rmal effects (e.g. from solar radiation), and particularly with refrigerated
cargoes;

(vilj‘lsotehe magnitude of the wholesale deflection of a ship in a seaway (assuming
that the problem is one of statics). The beam equxﬁun may be written

s &M &2 d% ( d.v)
4 -d—,'*ar"af(kﬂaf "o \F o e

where E is Young's modulus, and integrated to give estimates of hull deflections
v which may be needed for sensor calculations, for instance;

(viii) some effects of ship motion (e.g. when a ship rolls violently and extra
stress analysis may be needed in which § and M are resolved for the principal
directions).

It has been suggested that the longitudinal strength calculation leads quite
naturally to considerations of unit analysis. That is to say, the calculation allows
the analyst to look more closely at local effects in a ship®s hull. In general there are
three basic types of sub-structure relevant to the ship girder under gravity and
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buoyancy loadings which may be conveniently isolated and which are described
below.

(2) Stiffened Plates (Fig. 3.60)

Such units as these may be flat or curved and may have odd shapes. The loading to
which they are subjected arises from predictions of longitudinal strength calculations,
(possibly) hydrostatic pressure and (possibly) other loading actions such as localized
weight of equipment.

{a) Simple combination

(b} Unidirectional
grillage

fc) Orthogonally
stiffened
arillage

Fig. 3.60

(b) Single Panels
These are usually rectangular, being supported on longitudinal and transverse frames.
They may be flat (requiring analysis by plate theory) or curved (demanding shell
theory). The membrane, or ‘in-plane’, loading will be that suggested by the longi-
tudinal strength calculation. There may be additional loads (usually normal loads)
arising from hydrostatic pressure or from some other cause, such as fendering for
example.

The naval architect’s preoccupation with flat plates is naturally one of long
standing. As a result, one of the most interesting practical results in the mathematical
theory of elasticity was published in that context by the Institution of Naval Archi-
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tects in 1913 [12]. It relates to the stresses around an ellipse cut out of a uniformly
loaded plate. (When the ratio of the semi-axes is large, the conditions of a plate
with a crack in it is approached. When the semi-axes are equal, the theory relates to
a panel with a circular hole. With suitable manipulation of the results information
can be obtained on cut-outs such as hatchways in deck plating.)

(c) Frames (Fig. 3.61) .
Frames are used in many ways in the construction of ships and it is often convenient
to identify them and analyse their stresses as such. A ship’s hull can be regarded as
an elongated box, and this box has to be strengthened. If the internal strengthening
is predomi ly in a fi d-aft direction, the ship is said to be “longitudinally
framed’ (Fig. 3.61(c)), and when the stiffening is at right angles to the fore-and-aft
direction the ship is said to be ‘transversely framed’ (Fig. 3.61(b)). There are, of
course, many possibilities for isolating frames that may have significance. The load-
ing of these frames is that suggested by the longitudinal strength calculation plus
additional loads of a localized nature. Alternatively, an investigation of the effects
of stressing by gravity and buoyancy in ‘worst cases’ of transverse loading of a hull
(as when the different tanks of a tanker ship are filled) may be undertaken.

It is now clear that the various structural units of a surface ship raise all the
classic problems in the theory of structures. Inevitably it is necessary to contemplate
beams and frames, plates and shells, and grillages. In general, the loading of these
units is only part of the problem to which the longitudinal strength calculation
refers. Twisting of a hull may occur in a seaway and thus torsional distortions have
sometimes to be investigated. Exactly how a stress analysis would be carried out for
particular selected units is best seen through examples. There can be no cut-and-
dried procedure; nor can a comprehensive list be drawn up of all the problems
which will be encountered because new designs raise new problems.

In the last decade, large advances have been made in the application of random
analysis to the prediction of stresses in ships in a seaway. Nevertheless, the determin-
istic approach of the longitudinal strength calculation, now carried out by computer,
continues to be used. It is interesting to note that random analysis and full-scale
measurements suggest that stresses greater than those given by the longitudinal
strength calculation rarely occur. Either as a consequence of good design or of undue
conservatism, most ship hulls appear to possess adequate strength. For example,
the active life of a warship is about 20 years, and normally it is not because the hull
has ‘worn out’ that the ship is scrapped, but rather that the weaponry or propulsion
systems are obsolete or that combat tactics have changed. Provided that proper
maintenance procedures are observed, hull strength is usually preserved. It is some-
times found, however, especially for ferries, that the hull in the region of the water
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line needs most care and attention because of its wet-and-dry existence, the bumping
of debris, fendering and so on. Nevertheless, it would be a serious oversimplification
to imply that the object of research is really to find out by how much the require-
ments of the gravity and buoyancy loading strength calculations can be safely
relaxed; it is by no means rare that a tanker has to be strengthened after her accept-
ance trails,

In practice the beam theory of longitudinal strength calculations raises a large
number of questions. As one would expect, there is an enormous literature covering
the subject. No complete bibliography could possibly be given here; nor would it be
particularly helpful if it were. But the reader’s attention is drawn to one particular
paper [13] which describes tests on a ship’s hull — tests that included loading to
the point where major structural failure occurred.

3.11 External Loading by Inertia and Hydrodynamic Forces

Despite its shortcomings, the idea behind gravity and buoyancy loading of the ship
girder iscertainly useful (and ingenious), but it is based upon the implicit assumption
that the ship ploughs straight through the sea without significant vertical accelera-
tions. Now, when a high-speed ship moves at speeds which may well be over 25 m 5!
( =50knots), it is obvious that dynamic effects cannot be ignored. The ride is
*hard” and the question naturally arises as to what sort of loading this implies.

On the basis of experience with past craft, the Brave Class of fast patrol boats
was assumed in [14] to be subject to a instantaneous worst condition of the form
shown in Fig. 3.62. The acceleration was much greater than that under free-fall
conditions. We must now consider a vertical inertia force and the hydrodynamic
force needed to provide it. In all its generality this is a problem of structural
dynamics as both the inertial and hydrodynamic forces are time dependent. But if
the instantaneous worst acceleration (and, hence, inertia loading) is as shown in
Fig. 3.62, it is arguable that allowance must be made for it under the assumption
that it is maintained. In the design of the Brave Class boats it was therefore assumed
that a steady inertia force per unit length g;, was applied as shown in Fig. 3.63. As
indicated in Fig. 3.64 this corresponded to a resultant vertical force of about
4.35 MN (4.37 tonl) whose line of action could easily be found as it passed through
the centre of area of the total load curve.

—l Jy =

Upward
acceleration
109 :
. (=981 ms 2 =322 frs ?)
== .(
%
Effect of gravity
alone (free-fali)
Fig. 3.62
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9,

a5 +q,

I

vzlg

Fig 3.63

The curve of qg + q; gives the worst vertical downwards force applied to the hull
and is therefore supported by hydrodynamic forces — but how? We know that for
equilibrium under steady load conditions

J: (gg +qdx + s: qrdx =0

L "L
50 (g +qu)xdx + So qnxdx =0

where gy, is the vertical p of the hydrod: ic force per unit length of
hull. But these equations do not provide a specification of gy, . The technique adopted
was to satisfy the first of the fore-going requi and to approxi the second
in the following manner.

The curve of gy, was assumed to be an isosceles triangle with maximum pressure
corresponding to 138 kN m~2 (20 Ibf in~?) acting vertically upwards. (The under-

a +a.t

Resultant force
=4.35 MN (= 437 tonf)

Fig. 3.64
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lying theory of this assumption is discussed in Section 6.2.1.) At the point along
the length of the boat at which the resultant hydrodynamic force must act, the
beam is 6.05 m (19.83 ft). Therefore

138(kN m™2) x 6.05(m) x A% = (gn)max x A¥
50 that
(@n)max =835 kN m™" (25.5 tonf ft ™).

If the gp, curve is now represented by the triangle shown in Fig. 3.65, the length a
shown is given by
2a x 835(kNm™!
2

=4350 kN (=437 tonf)

whence ¢ =5.21 m (= 17.09 ft), a not unreasonable value for a boat that is about
28 m (=92 ft) long.
By this means we can obtain curves of

7 {=(5 +4) +qn}
sl ive integrati
M Y successive integrations.

If it is then assumed that simple beam theory may be applied, we may proceed with
a stress analysis. It must be pointed out, however, that in a craft like a fast patrol
boat we are very much concerned with unit analysis because local effects, particu-
larly in the hull bottom, are vital.

The approach used with the Brave Class fast patrol bgats illustrates the kind of
drastic assumptions the structural analyst may be forced to make.

an,

835kNm~"
(= 255 tonf fr ')

I R
2

Fig. 3.65

3.12 External Loading by Hydrostatic Pressure

When a submarine, or other underwater vehicle, floats on the surface it undergoes
the same sorts of loading action as other surface craft; but when it is submerged the
far more exacting conditions of loading by hydrostatic pressure must be examined.
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Note, however, that for once there is no difficulty in prescribing the loading action’.
The analyses to be developed by the designer are those which describe the hydro-
static compression of a shell (either elastic or plastic). They raise problems of
stability, such that the question is not so much ‘Is this loading safely withstood?" as
“Is this loading realizable?” The Euler strut gives a simple illustration of structural
instability.

Submarines and submersibles normally operate in a state of approximately
neutral buoyancy, which means that gravity and buoyancy forces more or less
cancel (although there will be a residual distribution of shear force and bending
moment as the net g(x) is not everywhere zero), The stresses of the submerged
‘ship girder’ are, however, relatively small compared with those resulting from hydro-
static loading. The latter are therefore commonly examined in isolation. The problem
is essentially one of external hydrostatic loading of a thin shell, that is, of the
‘pressure hull’. The pressure hull of a deep-diving vehicle — a bathyscaphe or a
submersible — is usually of a fairly “pure’ form: it may be spherical or shaped like a
dumb-bell, as indicated in Fig. 3.66. The pressure hull of a typical military sub-
marine is more complex, being roughly as illustrated in Fig. 3.67. This is a shell
stiffened with:

(1) stiffening rings (inside and outside);

main transverse bulkheads (inside the pressure hull);

(i) wing bulkheads {outside the pressure hull, and between the pressure hull
and the outer hull);

(iv) deep frames (large stiffening rings inside the pressure hull); and

(v) miscellaneous decks, flats, floors, minor bulkheads, etc.

Fig. 3.66

A detailed introduction to the field of stability is given in [15] and the problem
relating to submarines is discussed in [16]. Although it is not our purpose here to
examine these matters it is worth noting in general terms the sort of problems which
need to be tackled. Failure can be thought of as taking any of five possible forms:

(i) generalinstability of the shell, when the stiffening is of rather light construc-
tion;

(ii) local elastic instability of the shell between stiff rings;
(iii) local yield of the shell between stiff rings;
(iv) local elastic instability of a stiffener plus associated plating (although this is
more readily avoided than (ii) and (iii)); and

(v) local instability of the domed bulkhead.

There are several sources of difficulty which may be encountered when seeking that
type of failure most likely to occur, even from a purely analytical point of view.
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These are notably:

(i) gross out-of-roundness, that is, designed departure from a cylindrical form;
(ii) small out-of-roundness owing to small errors of manufacture (which causes
unwanted circumferential bending of the rings);

(iii) major discontinuities (such as the main transverse bulkheads or intersections
of cones and cylinders) which cause unwanted longitudinal bending of the shell;
and

(iv) minor di inuities (such as p hull hatches, manufacturing cracks
in the material or lack of homogeneity) which cause stress concentrations in the
shell that can be very significant in relation to fatigue,

Unlike most surface ships, deep-diving submarines tend to be governed by weight
in their design with a small difference between weight and buoyancy. The designer
is consequently obliged to work to lower factors of safety than is the practice in
surface ships. This, in its turn, requires the acceptance of higher stress levels, and
with them the risk of fatigue. Indeed, to a large extent the fatigue problem is the
result of possible structural instability, as it is the latter that demands structural
stiffening, and it is this stiffening that introduces stress concentrations. Fatigue has
in fact become a greater problem than instability in submarine design.

3.13 External Loading of Some Unconventional Vehicles

So far we have discussed: (i) combined gravity and buoyancy loading (and have
noted its relevance to naval architecture); (ii) combined gravity, inertia and hydro-
dynamic loading; and (jii) hydrostatic loading. (All of these cases are of a ‘general’
nature, and in every case the calculations would be supplemented with suitable unit
analysis.) These general cases do not by any means exhaust the possibilities and,
although it is not possible to list all the particular cases that may arise with a novel
design, some comments are in order; these comments are in fact no more than state-
ments of engineering common sense.

Hydrofoil Craft. A longitudinal strength calculation would be performed in the
normal way for a hydrofoil craft at rest, but design cases are likely to arise when
the vessel is ‘foil-borne”. Here again consideration would be allowed for hull acceler-
ation, perhaps along the lines discussed for the fast patrol boat [17]. But the ‘hull
inertia and gravity loading’ (g; + g¢) is balanced by more or less concentrated forces
when the hull is foil-bome. Particular attention would also be paid to unit analysis
of the foils and foil structure,

Dracones. The ship girder analysis is quite irrelevant here because the flexural
rigidity is almost zero. In fact the g and gp curves are approximately as shown in
Fig. 3.68. Attention is much more likely to be focused on unit analysis, that is
on the strength of seams and attachments and on the behaviour when Kinking of
the fabric occurs.

Hovercraft. The structural analysis of hovercraft is a rather specialized field as
illustrated in [18]. It must be remembered that a hovercraft may function in ene of
several distinct modes, for example, cushion-borne (with or without wave impact),
floating, supported by the ground or on jacks, towing or being towed. Particular
care has to be taken over the possibility of fatigue failure, and in certain vital areas —
especially in the design of skirts — emphasis remains very much on experience.
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Fig. .68

No régime of over-riding importance in design (comparable with ‘gravity and
buoyancy loading’ of the ship girder) has emerged for hovercraft. Particular care
has to be taken, however, with (i) ‘gravity and buoyancy analysis’ when floating,
(ii) wave impact at speed, and (jii) skirt strength. Some effort is placed on ‘progres-
sive strengthening’ (or ‘fail safe’), so that as failure of a component occurs a stronger
alternative becomes exposed to the loading.

3.14 Unit Analysis in General

We have only indicated how to proceed from general considerations of external
loading to more detailed unit analysis. In practice, many facets of the structural
analysis of a surface ship have little to do with the longitudinal strength calculation
and analyses are often completed on an ad hoc basis. This is evident by considering
the following examples:

(i) Propeller shafting; this is principally loaded in torque and thrust (but it
might be necessary to include bending also, possibly by the inclusion of inertia
forces in a vibration analysis).

(ii) Rudder stock; the main concern here will be with hydrodynamic forces and
the forces exerted by the actuating mechanism.

(iii) Masts; apart from gravity loading, it would be necessary to investigate wind
forces and inertia forces.

(iv) Davits; these would require investigation of gravity forces and operating
forces, while it might also be desirable to include inertia forces.

(v) Bulkheads; the flooding of compartments raises questions about the strength
of bulkheads and watertight doors, and here the loading is hydrostatic.

3.15 Recent Developments in Quasi-static Structural Analysis

The advent of large capacity, fast, digital computers has led to the development of
two powerful mathematical tools which are now in common use. These tools are
generally described under the headings of ‘Strip Theory” and “Finite Element Tech-
niques’. The former allows the analyst to assess hydrodynamic forces on the hull
and, with these prescribed, the latter may be introduced to determine the load,
stress and bending moment distribution in a structure.
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Classical hydrodynamic theory describes the shape of the streamlines in a perfect
(inviscid) fluid flowing in some constrained manner, for instance, past a solid surface,
A potential function is used to represent an energy source or sink and the flow is
often referred to as a ‘potential flow’. The mathematical representation of the
potential function then leads to the derivation of streamlines across which there is
no flow, A closed streamline may thus be replaced by a thin solid wall which could
represent a hull, rudder, hydroplane, stabilizer and so on. It is then possible to
determine velocities and pressures in the flow or on a streamline. No effects of
viscosity can be considered since the presence of shear stresses in the fluid are
automatically precluded in the definition of the velocity potential. The fundamentals
of potential flow theory are fully discussed in, for example, [19, 20]. For motion
in a scaway, forces and therefore the potential function become time dependent,
and, furthermore, the wave systems created at the ends of the ship cause interference
with each other and the imposed wave system.

When applied to a ship the potential-flow analysis centres about the flow past
many transverse, finite strips into which the hull is imagined to be cut. The strips
are all joined together by compatible boundary conditions, and wave loading, being
regarded as an inviscid process, can also be taken into account. Two-dimensional
flow is considered so that the problem of heave and pitch of a ship may be examined
on the assumption that surge has a negligible effect on hull loadings. The complexity
of interference between the bow and stern wave systems is avoided if the length of
the wave is small compared with the length of the ship. Although this may seem to
be a severe restriction strip theory has been found in many cases to give quite good
agreement with experiment. The technique described also provides the means for
tackling the more realistic problem related to random seas. We shall not pursue the
subject further here, but the reader can find details in [21, 22] and in [23] the
development is summarized in terms of fluid velocities and accelerations.

The fluid loadings, deduced by strip theory or developments of it, may be added
to gravity loadings to give the total load distribution on the hull. The assessment of
longitudinal (and in fact many local) strength problems may be performed in one
exercise by representing the ship (or a particular unit of the ship) as a massive col-
lection of inter-related problems which describe the loading on each finite element
of the structure under investigation. The structure is divided by many imaginary
cuts which meet at nodes, thus forming finite elements which may be of a rectangu-
lar or triangular shape and sometimes irregular or three-dimensional. The displace-
ments at the nodes are related to the displacement at any point within a given
element by a displacement function. Strains can be found from the displacements
and the stresses determined. Nodal forces are made equivalent to boundary forces
and displacements of elements obey compatibility rules. Finally, the whole array
of applied forces and internal forces satisfies equilibrium relations. The result
requires the solution of a large number of simultaneous equations which are con-
veniently represented in matrix form. Reference [24] may be consulted for details
on the use of finite element techniques in structural analysis.

There is now a iderable number of p programs available to solve
both strip theory problems and finite element problems for whole ship structures,
Nevertheless, the analyses are far from perfect at present and in no way remove the
responsibility of the designer to understand — and question — the premises upon
which they are built. For the problems are in reality of dynamic origin.
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4
Modelling Marine Systems

4.1 Introduction

In any discussion of the mechanics of marine vehicles continual reference will be
made to systems of one sort or another. Great care must be taken in all investiga-
tions to define accurately not only a system — that is, an unvarying collection of
matter — but also the boundaries within which a system is contained. Furthermore,
we must pay due regard to the environment outside the system boundaries because
activity within this environment may well influence the behaviour of the system.
For example, suppose the resistance to motion of a ship is to be estimated. The
system boundaries may be the hull of the ship, the air—water interface and an
imaginary surface in the water at some distance from the hull. However, in confined
waters this imaginary surface may no longer be arbitrary but might necessarily
include the banks of a canal or the bottom of a channel. The presence of these
constraints in the environment will clearly influence the system behaviour.

Systems involving the natural phenomena of the oceans, the atmosphere, geo-
graphical features and so on are notoriously difficult to investigate in detail. Thus,
for the purpose of analysis and from the point of view of economics, we are compel-
led to make use of models of the full-scale (often called the ‘prototype’) system. It
is possible, with laboratory models, to ensure some control over the many variables
of influence so that those of particular interest can be isolated for specmal study. A
theoretical analysis of the p with a math ical model, which
is generally a simplified and idealized description in order to be soluble. These two
descriptions are not mutually exclusive but are used together to predict the charac-
teristics of the prototype system. We shall be concerned here with the conditions
necessary to satisfy physical similarity between a model and a prototype system
and the best ways of achieving this.

Let us consider steady flow of a fluid of constant density through a circular
orifice. If the effects of viscosity are neglected, hydrodynamic theory predicts that
the volume flow rate Q, is given by

__A,(28pp)?
& T = o/ T 4

where A4, is the area of the orifice, A, the flow area some distance upstream from
the orifice, Ap* the drop in piezometric pressuret across the orifice and p the
density of the fluid. If the orifice is situated in the vertical side of a large tank con-
taining liquid then A, > A, and we can put Ap* =pgh, where h is the drop in

+ Piezometric pressure p* = p + pgz, where p is the fluid pressure at a point in the fluid and z is
the vertical height above a horizontal datum line. For a vertical orifice the datum is usually
chosen to be the horizontal centre line.
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pressure head over the orifice and is constant for steady flow. Thus, Equation (4.1)
becomes

0, =Aq(2h)' 2. (4.2)

A simple mathematical model such as this is found to overestimate the flow rate for
a real fluid by some 50 per cent. Unfortunately, with this theory the complex
effects of friction cannot be accounted for completely. It is only on the basis of
experiments that we can write Equation (4.2) as, for example,

Q, = Cado(2eh)'?. 4.3)

and subsequently determine the coefficient of discharge Cy.

The prototype may be a part of a more complex system, and tests on scale
models are then invariably necessary to provide confidence in the predicted behavi-
our of real systems. Often the lack of space in a laboratory leads to the construction
of model systems smaller in size than the corresponding prototype. This is usually
true for the experimental assessment of the main structures of marine vehicles, but
there are occasions when models larger than the prototype are called for. Fluidic
devices, fuel injection systemsand flow in capillary networks are just a few examples.
Modelling the ocean environment is a particularly difficult problem especially if the
investigation is concerned with the influence of the bottom topography or coastal
outline on, say, the behaviour of waves and currents. Suppose we consider an
undistorted model of a section of the sea bed on a line from Lands End to Boston.
If a model were constructed so that horizontal distances were scaled in the ratio
1:5 x 10° the length of the model would be about 1 m (=40 in). However, if the
same ratio were applied to vertical distances, the average depth of the ocean would
be about 0.6 mm (2=0.024 in) on the model. Clearly, such a thin film of water is
unlikely to make for accurate test work. The ratio of vertical distances on the
model to the correspending distancesin the prototype must be increased to produce
compatibility with experimental facilities, but then a distorted model results. Note
that the problem here is very much more difficult than simply enlarging a small
part of the model as perhaps a photographer would. Should a local enlargement
be possible the environment about the system boundary must be known, and that
requires full knowledge of the interaction effects throughout the environment (i.e.
the ocean in the foregoing example).

While maps, drawings, plans, statues and the like delineate the outward features
of a system we must also find some way of describing its characteristics. This is an
essential requirement of engineering models because relative motion often exists
within or around the system and brings into play a distribution of forces. However,
before we examine the essential properties of such models we need to identify the
physical variables which would influence our real system and, if truly representative,
our model of it. This calls for a di ion of both di ional formulae and
dimensional analysis. The discussion will be necessarily brief and only the most
important aspects will be emphasized. More details and other related items are given,
for example, in [1].

4.2 Dimensional Formulae

The measurement of any physical quantity consists essentially of a comparison with
a standard amount of that quantity, and that standard amount is called the unit.
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For example, the length of a marine vehicle is obtained by stating the number of
times a standard unit of length must be used successively to complete the measure-
ment. The ‘unit length’ may be one of a number available and the method of expres-
sing the result is of greatest value if it has been approved by the scientific community.
The result of measuring the physical quantity is termed the magnitude of the
quantity. Thus the length, say, of a marine vehicle may be quoted as 100 metres,
328.1 feet, or 0.1 kilometre for example, but whichever unit of length is used the
actual length of the vehicle is unaltered. We thus see that the magnitude Q of any
measured quantity is expressed in the form

Q@=nU (44)
where n represents the numeric (that is, the number of times the unit must be used

successively to complete the measurement) and U is the unit. Furthermore, the
magnitude Q can be expressed as

Q=nala=nmplUp=nclec=... (4.5)

where the subscripts imply that a different unit has been used which requires a
corresponding change in the numeric.

Equations (4.4) and (4.5) illustrate the essential difference between physical
algebra, which is used to express relations between the magnitudes of physical
quantities, and ordinary algebra, which is essentially the expression of relations
among numbers. In physical algebra certain restrictions have to be placed on proces-
ses such as addition, subtraction and equating. These processes have intelligible
meaning only when related to the magnitudes of physical quantities of the same
kind, for then their magnitudes can be expressed in terms of the same unit. When
this condition is met the equation relating several magnitudes is said to be dimen-
sionatly homogeneous. Consider the process of adding the magnitudes of physical
quantities of the same kind. In the equation

Qi=02+0s (4.6)

the magnitude of Q is the sum of the magnitudes of @, and Q3. Rewriting Equa-
tion (4.6) in analogy with Equation (4.4) leads to the result

Uy =nz2Uz +n3U5, 4.7)

which is dimensionally homogeneous.

We can now arrange for the magnitudes on the right-hand side of Equation (4.7)
to have the same units as the magnitude on the left-hand side. Equation (4.5) shows
that

nyU, Uy
L/ TR L/ 1/ (4.8)
myUy ncl;
and each of these ratios, equal to unity, is called a conversion factor. As unity may
be introduced as a factor into an expression without altering the value of the expres-

sion, a change of units cannot affect an equation in physical algebra. With the aid
of Equation (4.8) we can write Equation (4.7) as

"y =n;(ﬂ) +n3(”—') = a numeric. (4.9)
ny ne

Google L iy



136 | Mechanics of Marine Vehicles

Thus, if we consider the addition of two magnitudes of length to obtain a third
magnitude of length, we would write

h=ly+is (4.10)
which might take the particular form,
1y (mm) = S(cm) + 1(ft). @.11)
With the aid of Equation (4.8) we have,
1 ft,
) e ) (4.12)

10(mm) = 304.8(mm)
whence Equation (4.11) becomes
L Sem) | 1)

1I(mm) L{mm)
=50+304.8=3548. 4.13)

The need to compare one magnitude with another of the same kind is of funda-
mental importance and requires the process of division. For example, we may need
to form the ratio

m

0 _ml
Sartl (@.14)

Because the units Uy and U, are of like kind, the results of Equation (4.8) can be
used to give

0, mm
Q2 nanm,

4.2.1 Types of Magnitudes

Magnitudes of physical quantities may be regarded as fundamental or derived.
Fundamental magnitudes are those which are not defined in terms of the magnitude
of any other physical quantity, for example the measurement of length by compar-
ison with a calibrated rule. The methed of measurement and size of units used for
other quantities have no effect on the expressions for the magnitude of length. On
the other hand, a derived magnitude is defined in terms of other quantities and, in
general, the expression for a derived magnitude is altered by changes in the units of
other quantities.
For our purposes we shall take the fundamental magnitudes to be:

=nj3 = a numeric. (4.15)

(i) Length = the distance between two points along a defined curve in space;
(ii) Mass = the amount of matter contained in a specified body; and
(iii) Time interval = the period thal elapses between the occurrence of particular
events.

The system of measurement in which the magnitudes of length, mass and time
interval are regarded as fundamental is often termed the gravitational system. When
thermodynamic effects are considered it is necessary to include some other physical
quantity — usually perature — as a fund. al magnitude.
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Essentially, it is the unit which distinguishes one magnitude from another. We
now adopt the symbol [X] which, for the moment, is defined as ‘a unit of X’ where
X is some physical quantity. Thus [L] represents a unit of length, [M] a unit of
mass and [T] a unit of time interval. Note that the symbol [L] refers only to a
possible unit of length and is not restricted to one particular unit; a similar proviso
applies to [M] and [T]. Several sets of units are in common use, such as the British
ft—Ibm—sec system, the CGS and the MKS systems. However, we shall use preferen-
tially SI units.

If the magnitudes of length and time interval are regarded as fundamental, the
magnitude of velocity, say, may be regarded as derived. The magnitude of the
velocity, V, of a body may be defined by the equation

V=it (4.16)

where [ is the magnitude of the length travelled by the body during a time interval ¢
(short enough to ensure that ¥ is constant during that time interval). For a particular
example, the magnitude of length /=n, [L] and the magnitude of time interval
t =ny[T], where n; and ny are numerics. The magnitude of velocity is therefore
given by,
pomlll_ L 417

na(1] ™ ) L
where n3 =n,/ny is, of course, another numeric. The magnitude of velocity is
necessarily expressed in Equation (4.17) as the product of a numeric and a unit and
thus the ratio [L]/[T] represents a possible unit of velocity. That is, the dimensional
JSormula for velocity is given by [L]/[T] which may be expressed as

vl =[Ly(m (4.18)

where the brackets denote the dimensional formula of the magnitude contained
within them. The power to which the fundamental unit is raised in the dimensional
formula of any magnitude is said to be the dimension in respect to that fundamental
magnitude in the formula,

The dimensional formula for acceleration can be derived with the aid of Equation
(4.18) if we accept the equation for the magnitude of acceleration to be

_dv
e (4.19)

The increase of velocity can be written as ng [V] and the (short) interval of time as
ns[T]. Thus

mlVI_ VI U
sl SIS Gaop

The dimensional formula for the derived magnitude of acceleration is therefore
given by,

[ =[LI[T]%, @21

The dimensional formula for force follows from Equation (4.21). As the magni-
tude of force is, by convention, defined by the equation F=ma where m is the
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magnitude of mass, then,
[F] = [M][L][T]? = [MLT?] .4 (.22)

Other dimensional formulae can be deduced by similar reasoning from those of the
fundamental magnitudes. The defining equation relating the magnitudes of force,
mass and acceleration is

nq[F] = ng[M] x ng [a]. (4.23)

Thus a force which induces an acceleration of 1 m s~2 when acting upon a mass of
1 kg would have a magnitude of 1 kgms™*. In SI units the name ‘newton’, often
abbreviated to N, is given to the unit kg m s~2, although in either form the con-
nection with fundamental units is not clearly apparent.

A most important point must now be made: a dimensional formula is character-
istic not of, say, velocity itself but of the units with which the magnitude is expres-
sed. It is quite wrong to suppose that dimensional formulae offer information about
the intrinsic nature of the physical quantities with which they are associated —
these details must come from the definition of the quantity. We may cite here the
examples of work and torque, each of which has the dimensional formula

[force] x [distance] = [ML*T~?]

but an essentially different definition, For work the distance is measured along the
line of action of the force, whereas for torque the distance is perpendicular to the
line of action of the force (and so a rotation may be produced). Another regularly
quoted magnitude in this context is the so-called friction velocity. This arises in
turbulent boundary-layer theory, by virtue of the ratio +/(7/p) (where 7 is the local
shear stress) which has the dimensional formula

Mip)] = (ML T2M L)) = (LT,

that is, of velocity. Clearly, it is quite misleading to consider that friction possesses
velocity. It may also be shown that kinematic viscosity (a fluid property) and
circulation (related to the lift force on a body in a flowing fluid) have the same
dimensional formula [L2T~'].

A dimensional formula is not unique because it depends on which magnitudes
are regarded as fundamental and on how the derived magnitudes are defined; in
other words, it defines the way in which the unit is related to those of the chosen
fundamental magnitudes. It therefore follows that any magnitude which may be
expressed as a numeric only has no dimensions and is therefore dimensionless (or
non-dimensional). The ratio of magnitudes of like kind must, therefore, be dimen-
sionless (see Equation (4.15)). For example, plane angle may be defined as the ratio
which the length of a circular arc subtended by the angle bears to the radius of the
arc and is thus a derived magnitude. When these two lengths are equal the magnitude
of angle is unity in so-called ‘radian measure’. (Note also that the magnitude of angle
measured by a scale of degrees, that is, by a proportion of a complete rotation and
sometimes called ‘protractor measure’, is a fundamental one [2,11].)

1 The single pair of brackets here is a useful abbreviation and will be used, where appropriate,
henceforth.
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4.3 Dimensional Analysis

In general, a relation can be dimensionally homogeneous only if the individual
magnitudes enter it in certain definite combinations. Knowledge of the form of a
particular relation is valuable both in interpreting the results of experiments and
also in suggesting the most profitable arrangement which a series of experiments
should take. The search for the most informative relation is called dimensional
analysis. It has its greatest use in complex problems and in those which involve a
large number of variables. Often, on the basis of dimensional analysis experiments
can be simplified, and provided that the effects of some variables are known the
effect of other particular variables may be readily determined. However, dimensional
analysis alone can never give the complete solution to a problem.

To proceed we must pose a question: How does the magnitude 0, of especial
interest, depend on the other magnitudes @3, @3, @4, . . . , which may affect its
value” The problem may be set by seeking a relation of the form

Q1 =$(Q2,03,0a,.. ) (4.24)

where ¢ means ‘some function of” and we attempt to obtain some, but not of course
complete, information about the detailed nature of the function. We can use the
well known Weierstrass’ Approximation Theorem to express Equation (4.24) as the

series
01 =k 08 03 08 + k202205 0% + k300308 + .. (4.25)

wherek,, k3,k3, . ..are numerics and are therefore dimensionless; the relationships
between the (dimensionless) exponents may be found by invoking dimensional
homogeneity, The principle of dimensional homogeneity requires the dimensional
formula of @ to be the same as the dimensional formula for each of the other
terms in the series of Equation (4.25) and so, taking as an example four magnitudes,
we may write

Q1] = (03 03107 ] = (0303 0%] =... = |25 0305]. (4.26)
The numerics do not, of course, enter into a dimensional formula.

The analysis cannot be started until the physical variables whose magnitudes
@3, 03, Qa, . . . enter the problem have been determined. It is vitally important to
include all the relevant variables otherwise serious errors will result. On some
occasions it is necessary to include a ‘variable’ which may not in fact change in
magnitude, Weight per unit mass, g, is an example which is clearly a significant
parameter in problems concerned with gravitational forces. Although it is important
not to exclude from account any variable which is likely to have a bearing on the
problem, there is little virtue in including irrelevant variables. These simply clutter
the analysis and obscure the interpretation of experimental results. The logical and
optimum choice of the magnitudes used in a dimensional analysis requires a proper
understanding of their nature. For example, the viscosity of a fluid would be
included in problems concerned with fluid motions but excluded from those in
which the fluid is at rest.

43.1 Rayleigh’s Method

To illustrate the use of dimensional analysis let us return to the problem of flow
though a simple orifice in the side of a tank containing fluid at constant pressure
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and discharging to the atmosphere. This system has been discussed earlier and leads
to the solution

= 40(28p*/p)'? (a.2m
which we know overestimates the volume flow rate Q. For the flow of a real fluid
what physical variables would we expect to exert an influence on (0, ? Certainly the
piezometric pressure drop across the orifice Ap® should be included together with
the size of the orifice represented by a length I, the density of the fluid p and,
because the fluid is in motion, the dynamic viscosity p. The list is now complete
since the effects of compressibility of the fluid will not be considered and the orifice
will be assumed large enough for surface tension to be irrelevant. We can now write

Oy = §(dp*, L p, 1) (4.28)

where again ¢ means ‘some function of. In Equation (4.28) @, occurs on only one
side of the equation and is thus called the dependent variable as its value depends
on the remaining independent variables on the other side of the expression. Evid-
ently, a change in, say, ! will not affect g but will change Qy. However, the words
dependent and independent refer only to the mathematical arrangement and do not
carry any implication of physical cause and effect.

Using the development leading to Equation (4.26) we find that the dimensional
formaula for a typical term in the series expansion of the function on the right-hand
side of Equation (4.28) is

(@] = [(2p*°P o ). (4.29)
For this problem, the magnitudes Dflength mass and time interval can be regarded
as fund al with the di ional lae [L], [M] and [T] respectively. The
relation connecting the dimensional forrnu.lae now becomes

LT = (ML T L2 (ML) ML T 1)), (4.30)
Dimensional homogeneity is achieved if we equate the exponents of [L], [M] and
[T] on each side of Equation (4.30). That is,

[L]: =—athb-3c-d
M]:  O=a+c+d (4.31)
M -l=-2a-d

from which it is found that
b=2a+1; c=a—1; d=1-12a

No further information can be found about the exponents because the three
expressions in (4.31) contain four unknowns. Nevertheless, we can say that Qy may
be expressed as a series of terms in the form k,,(Ap')‘Ppcp"r, that is

K {'ﬁ} [AP‘-”JJ L
"le o
I 2, *2p] a2
g1 R R A
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or, using the approximation theorem ‘in reverse’,
n 'r’pl
v —3 4.33
o[t w

where ¢, is a different function from that in Equation (4.28). The use of the
app r]ate d]mens]ona] formulae shows that in Equation (4.33) both @yp/lu and

*2pfu? are d less. The di jonal homogeneity of the equation is thus
umﬂ"ected by the values of a,, a2, etc., and it is for this reason that we cannot
obtain further information about these exponents.

Several examples of the Rayleigh method (sometimes referred to as the ‘indicial’
method) are given in [1], but we shall not take the analysis any further here. Instead,
we turn our attention to another powerful and logical procedure and subsequently
reconsider the flow through the orifice.

43.2 The ‘Pi’ Theorem

The object of the so-called ‘Pi’ theorem, first stated explicitly by Buckingham, is to
assemble all the magnitudes entering the problem considered into a number of
dimensionless products, or IT's, and thence to derive an algebraic expression connect-
ing the IT's,

Suppose that the magnitude @y ofa physical variable depends on other, independ-
ent magnitudes @2, {3, . .., @x and on no others. Then we can write

Q1 =%02,03,....0n), (4.34)

or
$Q1,02,03,...,0x)=0.

The Pi theorem now states that if g is the number of distinct} fundamental magni-
tudes required to express the dimensional formulae of all the n magnitudes then
these n magnitudes may be grouped into # — g independent dimensionless I1's such
that

Oy, 5, 03, ..., My_g) =0. (4.35)

We see that the number of terms is reduced to n — g; that is, there are ¢ less
terms in Equation (4.35) than in the original expression (4.34). In some cases this
reduction can present a major simplification of experimental procedures, as we shall
see later.

The simplest way of ensuring that the II's are independent (i.e. not merely
multiples of each other) was devised by Buckingham and is as follows. From among
the n original variables a number of them g are selected to form what is often called
a ‘recurring set’. The choice of the variables in the recurring set is not entirely
arbitrary, Apart from not forming a dimensionless group among themselves the
variables must also contain all the fundamental magnitudes for the problem. When
the recurring set has been chosen each of the remaining n — g magnitudes is in turn
combined with those of the recurring set in such a way as to form a dimensionless
IT group. Quite often there is more than one choice for the recurring set and the
arrangement of the groups is then dictated by the purpose to which the analysis is
put.

1 The implications of the word distinct in this context are discussed later.
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To illustrate the use of Buckingham's Pi theorem let us return to the problem of
flow through an orifice. We shall start with Equation (4.28), namely

Qv =8(dp*. 1, 0, 1)

There are five physical variables here which may be expressed in terms of three
fundamental magnitudes (n =5, g =3) leading us to expect 5 — 3 = 2 dimension-
less products. There is in fact more than one recurring set which satisfies the neces-
sary conditions, but we shall choose /, p and p. The dimensional formulae of these
magnitudes are

M=[Ll [pl=ML]; [u]=[ML7'T). (4.36)

Itisclear that a dimensionless group cannot be derived from these as only p contains
time interval in its dimensional formula.

With each of the remaining variables, Qy and Ap™®, we express the recurring set /,
2 and g in such a way that a I1 group is formed. For example

M= Q" Ty = Ap*Faghy™ (437

where the exponents of @, and Ap* have been put arbitrarily to unity, (Any
exponent in a [l group can be made equal to unity by taking the appropriate root
of the product —a dimensional group remains.) We can now write the respective
dimensional formulae;

[M] = [MOLOT®) = (LT (L1 (ML=3 )P (ML T 1. (4.38)

Equating the exponents of [L], [M] and [T] yields the following set of simultane-
ous equations:

3+ay —3by -, =0

by +e¢p =0
-1-¢; =0
and so
ap =—1; by=—1; e =-1
whence
m, =QEZT”. (4.39)
Similarly,
[My] = MOLOT?) = (ML T2 [L]2 ML) 22 (ML T2 (4.40)
from which
a;=2; by=1; c;=-2
whence
n, = u—f" (a41)
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Equation (4.28) can now be replaced by the IT rep tation, namely
o Lo*Ep
oy, 1;)=0= o{Qp,Appz } (4.42)
or,
Qw Aﬁ‘fzﬂ‘
= . 443
0 - 00| L2 @43)

Another, sometimes quicker, method of forming the IT groups involves expressing
the fundamental magnitudes in terms of the dimensional formulae of the members
of the recurring set. Thus, from Equation (4.36), we can write

L= (M= (L] = [o)
(M= ML~ ] = 7).

Using the results of Equations (4.44) in the dimensional formulae for @y and Ap*
we obtain

=T ") = (P ') = (™' ).

As Q has the same dimensional formula as Iup™", the ratio Q.pflu is dimensionless
and corresponds to IT; of Equation (4.39). Similarly,

[8p*] = ML T2] = [P Y3p 2% = [p~ ' T2,
and so the ratio Ap®pl? [u? corresponds to I1; in Equation (4.41).

Because the Il groups are dimensionless we are at liberty to rearrange the func-
tional relationship between them by the processes of division, multiplication or by
raising to any power, provided that the total number of IT’s is contained in the result-
ing groups. Such manoeuvres often lead to a more convenient expression between
the magnitudes and indicate which of them can be changed most conveniently
during an experiment. As an example, the following functional relationship between
six IT's,

(4.44)

V(I 1y, M3, Mg, M, Ms) = 0
could be rewritten, for the sake of convenience, as
mng s JIFY nA” MMl ‘
,m
i | TR TR R Ne
where /q is nnolhe: unknown function
For the orifice flow it is more useful to rewrite Equation (4.42) as

: n ) . \ U2 g w\1/2
function lﬁg:ﬂi ' ﬂzlv“} =0 = function {% (ATP) i (%) I
that is,
112 12
0 =P (Al.) function {{E’ (E) l (4.45)
14 M P

which would have been obtained directly had we chosen /, p and Ap* as our recur-
ring set of variables.

=0
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It was stated earlier that g represents the number of distinct fundamental magni-
tudes and we must now consider briefly what we mean by the word distinct. There
are some problems in which the condition of homogeneity in respect of one of the
fundamental magnitudes is the same as that for another. Alternatively, it may
happen that the homogeneity condition for one fundamental magnitude is the same
as that obtained by adding or subtracting the equations for the homogeneity of two
other fundamental magnitudes. In the application of the Pi theorem to the above
problem, for which one more dimensionless product than expected is obtained, it is
found that either a recurring set cannot be formed or it is impossible to determine
completely the exponents of the magnitudes forming the IT's. The most common
example occurs in the analysis of static systems, where the only quantities involved
are forces, lengths, areas and volumes; thus enly two fundamental magnitudes, those
of force and length, are required. To summarise, the number of I's is equal to the
number of magnitudes entering the problem minus the maximum number whose
magnitudes will not by themselves form a I group (and are therefore available for
USE as a recurring set).

Suppose now we consider the flow of a liquid discharging to atmosphere through
a simple, circular orifice in the side of an open-topped, constant-head tank. We may
take the head across the orifice, A, to be the height of the free surface of the water
in the tank above the horizontal centre line of the orifice. Furthermore, 2 is
proportional to a typical area, for example the area of the orifice 4. We can now
replace Ap*/p by gh and Equation (4.45) becomes

12
Qy = Ao(gh)''? function {@ﬁ} (4.46)
A comparison of Equation (4.46) with Equation (4.3) shows that the coefficient of
discharge, which is introduced to correct the theoretical result and provide agree-
ment with measurements, is given by

T -’n(s’i)”’}
C’d—m-ﬁﬁmcuon ‘—H - (4.47)

The relationship (4.47) tells us nothing about the behaviour of Cy other than the
likelihood that it depends in some unknown way on the dimensionless group
Ip(gh)"?[u. The form that the function takes can be found only from experiment
and at this stage we cannot even be sure that C4 may prove to be constant.

Figure 4.1 shows typical experimental data for an orifice of the type discussed
above, Textbooks of fluid mechanics, for example [3], show that the velocity of
the ].iq’uid on the centre line of the vena contractat is given by (gh)'/? The group
Ip(gh) 1214 is therefore proportional to the ratio of inertia forces to viscous shear
forces and is called the orifice Reynolds number Re,. The discharge coefficient
given by Equation (4.47) can thus be represented by the single curve of Fig. 4.1 for
a given orifice. To produce such a correlation curve we need only measure Qy, by
collecting a known volume (or mass) of liquid in a given time interval, use Equation

1 The vena contracta is that part of the jet which has the minimum cross sectional area and a
somewhat smaller value than the orifice area. Provided that h is considerably greater than the
diameter of the orifice the effects of gravity on the free jet can be ignored and the boundary
of the jet at the vena comtracta is horizontal.
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Cy= 060
Sharp-edged,
circular,
simple orifice

Coefficient of discharge, €y

Orifice Reynolds number, Ae,

Fig. 4.1 Variation of discharge coefficient for a simple orificc.

(4.47) and calculate a series of values of Re,. The orifice Reynolds number can be
changed most easily by adjusting the head across the orifice h and the typical length
Ican be taken as the orifice diameter. The correlation curve has even wider generality
because it will apply to any one of a family of geometrically similar orifices, each of
which will have the same Cq for a given Re, regardless of what liquid is used. It is
this feature which allows us to predict the performance of a prototype from that
deduced for a model. Similarity, however, involves rather more than just similar
geometries: to categorize the nature of the system to be modelled we need to discuss
the topic of physical similarity.

4.4 Physical Similarity

Physical similarity has wide relevance and with the aid of dimensional analysis it
becomes a powerful concept in the interpretation of experimental data obtained
from tests on model and prototype systems. In general, two (or more) systems are
said to be physically similar in respect to certain specified physical quantities when
the ratio of corresponding magnitudes of these quantities between the systems is
everywhere the same. Not only must this proposition be satisfied by the contents
of the system but also by the system boundary, inputs and outputs. Nevertheless,
depending on the information sought it is not always necessary to use the same
materials for the construction of the model and prototype nor, in the case of fluid
flow problems, need the same fluid be used.

Suppose we are concerned with the possible material failure of a rudder mechan-
ism. It would be somewhat reckless to test the appropriate model system to destruc-
tion owing to the risk of damage to the test equipment. However, it is possible to
establish the distribution of fluid forces over the immersed surface of the model,
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assuming that the deformation of the model is similar to that of the prototype.
Provided that the systems appropriate to the flows about the model and the proto-
type are similar we may invoke the laws of physical similarity to establish the force
distribution over the prototype. The model and prototype materials need not be
the same. We may now safely load the prototype (or a model of it) when placed in a
materials testing machine so that any failure which might occur will not be hazard-
ous.

The most important problems in the mechanics of marine vehicles require an
investigation of geometric, kinematic and dynamic similarity. Although the effects
of heat transfer, chemical and nuclear reactions, and magnetic fields may enter some
specialized analyses they will not be considered here.

4.4.1 Geometric Simiarity

If the specified physical quantities are lengths, then similarity between systems is
called geometric similarity, that is, similarity of shape. Whether the boundaries of
solid bodies or patterns of movement are considered, the characteristic property of
geometric similarity is that the ratio of any length in one system to the correspond-
ing length in the other system is the same throughout. This ratio is usually called
the scale factor. Thusa 10 mm diameter sphere in a circular wind tunnel of 100 mm
diameter is a one-tenth scale model of a 100 mm diameter sphere in a circular duct
of 1 m diameter provided that the roughness of the corresponding surfaces is similar.
Note that all the solid boundaries must be geometrically similar, so that the preceding
systems are not geometric models of a 100 m diameter smooth sphere in a volume
of infinite extent, such as a spherical meteorite in space. This difficulty is always
encountered when models of aircraft in flight or ships at sea are considered, because
laboratory tests are carried out in enclosed wind tunnels or water channels and
tanks. [t must be ensured that the confining boundaries of the model experiment
(which are absent from the prototype system) do not have any significant influence
on the behaviour of the model system; if they do then account must be taken of
the effects in the subsequent analysis of the model results.

Another, very important, departure from true geometric similarity in models of
flow systems arises from the failure to scale the inevitable roughness of the solid
b Accurate rep ation of surface rougt entails not only scaling of
the heights of individual protuberances but also their distribution over the surface,
which is usually determined by the process used to manufacture the prototype. In
submarines, for example, there are many p b es and excr distributed
over the surface (apart from the actual roughness of the main surface of the hull),
but these are rarely modelled accurately as their effect on performance is either
assumed nepligible or accounted for empirically. Although great care may be taken
in the manufacture of the model some roughness will remain. Provided that the
roughness height is everywhere small compared with the characteristic length of
the model (e.g. overall length, diameter, etc.) the surfaces of both the model and
the prototype can be considered ‘hydraulically smooth’. Perfect geometric similarity
in respect to surface roughness is then not essential. However, should this not be
the case, serious error may result from the interpretation of model data. As we shall
see later, the behaviour of flow in a region close to a solid boundary, that is in the
boundary layer, changes radically if the roughness height reaches a certain critical
value.
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442 Kinemaric Similarity
Kinematic similarity is similarity of motion, which implies both geometric similarity
and similarity of time intervals. Thus, in two (or more) systems, as the corresponding
lengths and corresponding time intervals are in a fixed ratio the velocities of corres-
ponding objects must also be in a fixed rmo of magnitude at corresponding times.
Furth the lerations of corresp g objects must be similar. An example
of kinematic similarity is found in a planetarium, where parts of the universe are
reproduced to a given length scale factor and planetary motions are copied in a
fixed ratio of time intervals. If the system involves a fluid, then visualization of the
flow is assisted by the concept of a fluid particle.

Let us cnns:de: an isolated vnlumu of flmd cnnumed in a box of arbitrary shape
with i walls. A p can be co d to the
box so that it covers a small | part of the surface area. Suppose now the box to be so
small that it contains just one molecule of fluid (Fig. 4.2). The instrument will
detect an occasional pressure peak each time the molecule collides with the measure-
ment surface as it follows an erratic path within the box. The pressure on the
surface, as recorded by the instrument, is then discontinuous and the concept of a
time-average pressure would be of little use. A statistical analysis would be needed
to estimate the chances of the molecule striking the area considered and hence to
deduce a probable upper and lower limit of the pressure. As the box is increased in
size, it will contain more and more molecules of fluid and the chance of an impact
with the measurement area will clearly increase. Pressure peaks become more fre-
quent and the range of probable values decreases, giving rise to a more meaningful
idea of an average pressure as indicated in Fig. 4.3. It is on reasoning such as this
that a simple approach to a kinetic theory for gases can be based to determine the
magnitude of pressure. When the box is large enough to contain many molecules
there will be a continual bombardment of the surface, but each bombardment will
not be of equal magnitude, so that we would expect an irregular fluctuation of pres-
sure with a well defined average (detected on a manometer or Bourdon gauge) as
shown in Fig. 4.4. This average pressure will then be useful in describing one feature
of the state of the fluid contained in the space of a system.

A fluid particle is defined as the smallest quantity of matter of fixed identity

Path of
- molecule
‘ To pressure

recorder

Fig. 4.2
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which can be idered to possess i properties. Observation of the
behaviour of fluid particlesis described in macroscopic terms, whereas the treatment
of molecular behaviour is sub-microscopic. In normal engineering analyses we can
regard the fluid as a continuum. That is, instead of considering a conglomeration of
molecules we assume there to be a continuous distribution of matter with no voids.
The conditions we consider are those pertaining to average values of a property, so
our view is invariably on a macroscopic scale.

Many collisions of unequal
amplitude and frequency

G = L= “r Paversge

Pressure, p

o

Time interval, ¢
Fig. 4.4

Although the properties of a fluid are molecular in origin we can assume the
fluid particle, even though it may be small, to contain a very large number of mole-
cules. In particular, the motion of a fluid can be described by:

pathlines, which are the trajectories of individual particles;

streaklines, which are the loci of instantaneous positions of fluid particles which
have passed through the same point in space at some previous time;

streamlines, which, at any instant of time, are tangential to the velocity vectors
of the particles located on them.

These lines are illustrated in Fig. 4.5. When the flow is steady the velocity of the
fluid particle instantaneously occupying each point in the field of flow is independ-
ent of time. All these lines then coincide. For unsteady flow the situation is rather
more complicated, and in all but a few very simple cases the shape and location of
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Pathline

Single, identifisble particle P
(a)

Particles marked earlier
at point M

Streakline

Marking point M fixed at time t = 0
b

M P
]

Fig. 4.5 Definitions: (a) pathline; (b) streakline; (c) pathline, streakline and streamline for
steady flow,

the three lines differ markedly. Figure 4.6 shows one instantaneous position of the
lines which all pass through a particular reference point in the unsteady flow past
an oscillating plate.

Most of the fluid motions we meet in practice are unsteady, for example, winds,
sea states, etc. However, the unsteady perturbation about a mean (time independent)
condition is often small and for the sake of simplicity steady flows are often assumed
in first-order analyses. The results so obtained are often not far removed from reality
which is rather gratifying because the construction of both theories and experiments
related to unsteady flows presents great difficulties.

The ‘picture’ of the motion of the fluid offered by the instantaneous pathlines,
streamlines and streaklines is referred to as the flow pattern. In addition to calculat-
ing the coordinates of the lines there are many methods by which flow visualization
techniques can be used to depict a continuous pattern of flow whether it be steady
or unsteady. A review of these techniques for use in water is given in [4] and
additional techniques for air flows along with some excellent photographs of flow
patterns and stall phenomena are summarized in [5] and [6].
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Fig. 4.6 Flow past on ing plate: (a) line and ine; (b) pathline and stream-
Line. (| e leaves M at time streamline drawn.)

When the flow pattern in a model system is geometrically similar to that in the
prototype system then these two systems are said to possess kinematic similarity.
Since the solid (impermeable) boundaries of a flow system themselves consist of
streamlines (no velocity normal to them exists), then kinematic similarity must
require geometrically similar models. In practice, prototypes often possess local
excrescences below the water line — this is particularly true of submarines — but
their effect is usually considered to be local and not to develop widespread effects
over the hull. To model these disturbances exactly would be extremely complex
and is rarely, if ever, done. The assumption that local disturbances do not modify
significantly the smooth hull performance is perhaps rather dangerous and may
account, in part, for the frequent disparity between model predictions and prototype
performance of submarines.

4.4.3 Dynamic Similarity
Two systems will be dynamically similar when the magnitudes of forces at similarly
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located points in each system are in a fixed ratio at corresponding times. Thus, the
magnitude ratio of any two forces in one system must be the same as the magnitude
ratio of the corresponding forces in the other system. The forces which may act
upon a fluid particle or on a solid boundary of the flow can be classified as follows:

(i) Body forces. These result from gravitation and are proportional to the mass
of the body (we shall ignore those induced by electromagnetic or electrostatic
fields);

(ii) Surface forces. These are components normal to a given element of the
surface (pressure forces) and tangential to a given element of the surface (shear
forces);

(iii) Line forces such as surface tension. These arise from molecular attraction
and induce capillary effects;

(iv) Elastic forces. These arise from the compressibility of the fluid; and

(v) Inertia force. This is not an independent force but rep the force
resisting acceleration of the particle.

Fortunately, not all these forces are present, or have a significant effect, in many
of the major problems to be studied. We can concentrate on the similarity of the
most important forces, but even this is not straightforward.

Let us consider a fluid particle located at some point in the flow system and
suppose that electromagnetic and electrostatic forces are absent. The principal
forces acting instantaneously on the particle may be, for example, gravity forces
(Fg), forces arising from difference of pressure (Fp), shear forces (F,), surface
tension forces (F) and elastic forces (F, ) in the directions shown in Fig. 4.7. These
forces, not necessarily coplanar, can be added vectorially by means of a force poly-
gon, The force equal in magnitude, but opposite in direction, to the resultant is the

Fh

- Instantaneous
- velocity

FD

Instantaneous
acceleration
Fa

Fig. 4.7
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inertia force (Fy) shown in Fig. 4.7, Algebraically, we may write the force equation
as the vector sum

Fy+Fy +Fy+Fy +Fo + Fi=0. (4.48)

The forces which act upon the fluid particles and solid boundaries are an essential
part of the ‘character’ of the flow system. If a model system is to reproduce this
character the model forces must be represented to an appropriate scale to ensure
dynamic similarity. Thus, the force polygon for a fluid particle in the model system
must be geometrically similar to the ponding one in the p lype system, as
shown in Fig. 4.8. Furthermore, if any force vector has a preferred direction, for
example gravity forces are directed towards the centre of the Earth, then the force
polygons will have the same orientation relative to corresponding datum points in
the systems. In analogy with Equation (4.48), the force equation for the model

i

» Instantaneous
wvelocity

’
s
» ” .,
Instantanecus
acceleration fo "
fur
fy
A A

Fig.4.8
system is

f[ "fp‘fa +Hatfe+fi=0 (4.49)

and for similarity of force polygons

fo=MNg,  fp=M\Fp; fs =My,

fa =My fe = \Fg; fi =\Fy
where A is a scale factor. We can eliminate A by considering the ratios of forces,
each ratio by convention being constructed from the inertia force (because it is

usually the most important force) and from one other kind of force. Equation
(4.50) then yields for the ratios of the magnitudes of forces,

A B L B LA LA A LA

L ' iR fi ' fu Fu' fo Fa

(4.50)

(4.51)

where, again by convention, f; (and F}) is the denominator for the ratio of pressure
force to inertia force, but is the numerator for the remaining force ratios.
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Let us look more closely at the force ratios represented in Equation (4.51) and
see how these forces may be related to the physical variables describing the model
and prototype systems. The magnitude of the inertia force acting on a particle of
fluid is equal to the mass of the particle multiplied by its instantaneous acceleration.
Suppose the particle is a rectangular parallelepiped of fluid of sides 8x, §y and &z
referred to arectilinear coordinate system. The instantaneous velocity of the particle
V increases to ¥V + &V over a small time interval &1 so that its acceleration will be
6¥/51, that is, PEF/6x in the x direction. The mass of the parallelepiped of fluid is
pbx8ybz, and hence the magnitude of the inertia force in the prototype system,
say, is given by

av
F =pV(§) bxbybz (4.52)

in the limit 8% =+ 0 and &x -+ 0. The partial derivative 3¥/dx is used in Equation
(4.52) because ¥ may depend on variables other than x,

The magnitude of the gravity force on the particle (i.e. weight) is simply mass
multiplied by weight per unit mass g:

Fy = pgbxbybz. (4.53)

A pressure force will arise from the difference in pressure Ap across two opposite
faces of the parallelepiped and so, taking the end faces as a typical example, we have

Fp=0pbys:z. (4.54)
A shear force will occur on both of the side faces of the parallelepiped as well as
on the top and bottom surfaces. However, only one face of the parallelepiped needs

10 be considered to determine the form of the expression for shear force, Thus,
with a side face as typical, we can write

av
F, =p($)5x§z, (4.55)

The line force, arising from surface tension 7, along one edge of the parallelepiped
(6x, say} is expressed as
Fyq =vy8x. (4.56)
It is sometimes necessary to consider the compressibility of the fluid, in which
case elastic forces become important. For a given degree of compression the increase
in pressure is proportional to the bulk modulus of elasticity, K. Furthermore, if we
assume also that the flow under consideration is isentropict it can be shown (e.g. in
[3]) that the velocity with which a sound wave is propagated through the fluid is
¢ =+/(K/p). Thus the elastic force on aside face of the parallelepiped, say, is given by

F, =K bxbz = pc*bxbz. 4.57)

If it is assumed now that we are seeking dynamic similarity between the model
and prototype systems, we require geometric and thus kinematic similarity as well.#

1 A frictionless adiabatic process (no heat transfer to or from the surroundings, i.e. across the
system boundary).

# In addition to geometric sim ilarities of the force polygons and the system boundaries, dynamic
similarity presupposes kinematic similarity owing to the presence of the inertia forces in the
systems.
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All lengths and velocities are then scaled uniformly and related to arbitrarily
selected reference values ! and V in the flow systems. With the prototype system as
an example velocity gradients, such as 8¥/3x, are proportional to ¥/I and accelera-
tions, such as ¥a¥/ax, are proportional to ¥2 /I, Therefore

Fepl®;  Fpapgl’;  Fpeapl;

(4.58)
Fyoepbl;,  Fyoyl;,  Fexpell.
The force ratios may now be expressed in the forms
R V. B, B g
Fy gl Fi pb? F u
(4.59)

£ oVl F_?

—ta— —ta—

Ft ¥ Fe ¢
Force ratios corresponding 1o those in expressions (4.59) can be deduced for the
model system in a similar manner. By taking the ratio for inertia force to gravity
force as typical, dynamic similarity requires

.-,

where the subscripts Mand P correspond to the model and prototype systems respec-
tively. Usually, for experiments on marine vehicles g is the same throughout, but
corresponding values of ¥ and [ are usually different.

¥
(‘ &K_ for isentropic flow ) .

4.5 Modelling Marine Vehicles

The flow of a fluid in a pipe can be used as a classic example of the value of dimen-
sional analysis. (As we shall see later, the basis for the estimation of skin-friction
forces on the hulls of marine vehicles developed as an extension of the analysis of
pipe flows.) Early in the nineteenth century Darcy conducted experiments with the
flow of water, under turbulent conditions, in long, unobstructed, straight pipes of
uniform diameter. His results suggested that the head ‘lost to friction’, Ay, in the
region of fully developed flow could be represented by the formula
aar

d %
where hy corresponds to a drop Ap* of piezometric pressure over length / of pipe
in which the mean velocity (flow rate divided by cross sectional area) is ¥, fis
a coefficient and d is the diameter of the pipe. Values of k¢ were then presented in
tabular form for various lengths, diameters and types of pipe, different flow rates
and for a range of fluids.

Osbome Reynolds reported in 1883 that for geometrically similar pipes F’cd/r
was constant, where ¥ is a critical mean velocity and v = u/p is the kinematic
viscosity of the fluid. He discovered that ‘at the critical velocity the flow changed
abruptly from a streamline (lamellar) flow to an eddying (sinuous) flow’. Further-
more, Reynolds showed that for pipe flows the functional relationship

2\ ¢ 7d
() 2-4(2)

hy (4.61)
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held, where dp/dx is the pressure gradient along the pipe. In 1911, Lord Rayleigh
used the ‘Principle of Dynamical Similarity’ (which he developed in 1909) to show
that Equation (4.62) could be generalized to

R'=pPg, (":5) (4.63)

where R' is the resistance per unit surface area of the pipe and @, is some other
function. He also pointed out that similarity of motion in fluids at constant values
of Vdfv will exist when the pipe walls for different experiments are geometrically
similar, and that this similarity extends to those irregularities in the surfaces which
constitute roughness.

The form of Equation (4.63) suggested to Stanton and Pannell, in 1914, that a
given pipe should yield a unique curve when R ,l‘pl_fz was plotted against Va‘,’v and
this they found to be true. The result is now well known: at small values of Vd/v
the flow is laminar and as Vd/y increases ﬂlere is a sudden but rather ill-defined
change to a transition region in wluch R’'[pV? increases. Then, for higher values of
Vdfy, a gradual decrease in R'/pP* is evident. Stanton and Pannell produced
further curves for air and water flows which applied to pipes made of material
different from their own, but they put no quantitative value to the pipe roughness.

Equation (4.61) can be used to determine a functional relationship for the fric-
tion factor, f, as follows. The piezometric pressure drop over a length  of the pipe

72
a0 = pghy = 2L 2
and
wea () - (2) -7 (5)()
ndl 4 d \2 /\4)’
whence

Equation (4.63) then shows that
d
Lo (V ) @.64)

Following the publication of Stanton and Pannell’s work there came a spate of
papers which pted to find the algebraic form of the functions ¢ and ¢, . For
example, Lees in 1915 suggested that, within the accuracy of experimental measure-
ments, the pressure loss over a length [ of the pipe was given by

i ) [ Vd) Jl
* = +
Ap’ ( 4 K, +K; "
where K; =0.0018, K3 =0.153 and K3 = —0.35. But this result applies to smooth
pipes, such as those made from drawn brass or lead. It was Nikuradse in 1933 who

made the significant step towards identifying roughness quantitatively; he artificially
roughened the inner surface of pipes by evenly distributing sand grains of known
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size over the prepared surface. The application of dimensional analysis to such a
system yields the functional relationship

f Vd k
3°h ( = d) @65
where £ is the mean height (in this case the diameter) of the sand grains. The result
is too well known [3] to require further discussion here, but it is important to
realize that the dimensionless group k/d does not take into account the roughness
shape nor the distribution of roughness. Both these parameters influence the flow
1o some considerable extent. Nikuradse found that f became independent of Vd/v
when the latter parameter reached high values. Under these conditions the values of
[ can be compared with those for commercial pipes, which exhibit a similar behaviour
at high Vd /v, to enable an equivalent uniform grain size to be specified for the pipes.
Moody did this in 1944, and his modified diagram together with the earier results
of Colebrook are in use to day.

Although we have expended some effort in discussing the historical development
of the analysis of pipe flows it is not at all out of context here. Many workers,
including William and R. E. Froude, used the methods propounded by those con-
cerned specifically with flow in pipes to develop an equivalent assessment of the
effects of roughness on the skin friction of flat plates. However, some difficulties
arise owing to the absence of fully developed turbulent flow on a plate. Furthermore,
the radically different behaviour between laminar and turbulent flows requires
careful examination otherwise model data may become erroneous. These matters
are dealt with in more detail where they arise in Chapter 5. Our main purpose now
is to ish the rel of dimensional analysis and physical similarity to the
modelling of marine vehicles.

4.5.1 The Model System

Ideally the model system should consist of a scaled representation, true in every
detail, of the prototype system although the systems may not consist of the com-
plete vehicle. Only that part of the vehicle important to the problem under investi-
gation needs to satisfy all the requirements of physical similarity. We have indicated
already that if an investigation is concerned only with the flow of water around the
immersed portion of the hull of a floating vessel, then an accurate reproduction of
the superstructure of the prototype is unnecessary. This is not, of course, true of
fully submerged vehicles. We may also decide that models of the bare hull, free of
appendages such as sonar domes, shaft brackets, bilge keels and so on, are quite
satisfactory for some tests (the effect of the appendages could be determined
separately). Geometric features of our model may therefore be different in some
known respect from the prototype. Surface roughness is, unfortunately, a departure
from our requirements and one about which we can do relatively little in a control-
lable manner. Isolated, artificial roughness, such as a set of studs, a trip wire, a
strip of sand paper, or a similar device, may be attached to the underwater fore-
part of the model surface in order to encourage transition from laminar to turbulent
flow. By doing this it is hoped that the boundary-layer flow on the (usually larger)
prototype is accurately developed on the model. In detail this is unlikely to be the
case, but often the overall measure of ship resistance can be obtained with surpris-
ingly little error when the special techniques of analysis described in Chapter S are
used.
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The distribution of forces on the wetted surface of a floating vehicle in motion
differs from that around a i y vehicle; quently, the attitude of the
vessel may vary with speed. The wetted surface will also change in area and shape
particularly for some cnﬂ danyled for high-speed operation. The planing craft

asa boat at low speeds and settles well into the
waler With an appropriate design of hull, hydrodynamic forces in an upward direc-
tion are developed on the under surface so that the craft rides high in the water to
reduce the wetted area. If this behaviour were not to take place a quite unacceptable
expendﬂure of energy would be required to propel the craft at speeds in excess of
10ms™ (ur 20 knots). The effect of dynamic forces on a planing hull is shown in
Fig. 4.9. A similar effect, albeit by fund: lly different mechani occurs in
the operation of hydrofoil craft and air-cushion vehicles and is experienced to some
extent by all floating vehicles when in motion. The model system must therefore be
capable of reproducing a variation in attitude and depth of immersion. For steady
motion the weight of the model must be adjusted, by the addition of ballast or
some other form of loading, so that the correct draught is taken up when the model
is stationary. During the subsequent motion the support or suspension systems must
allow unhindered changes of attitude and draught. Matters are somewhat more
complicated during unsteady motion, for then the inertia of the craft (in addition
to the inertia of the fluid particles) must be modelled. This entails an accurate
distribution of mass within the hull otherwise corrections to experimental data
must be introduced to allow for the differences in mass distribution. An alternative
procedure is to allow the model to run at a series of different fixed attitudes and
draughts to cover the range expected from the prototype in operation.

W W

——

[, Al b
{a) Stationary or low speed ib) Higher speeds
0

Fg=W=0; Fg +F,-W=0;
Fg = buoyancy force F, = hydrodynamic vertical
W = all-up weight supporting force

Fig. 4.9

Finally, itis essential in all cases to ensure that the outer boundaries of the proto-
type flow system are modelled correctly. If the prototype operatesin an environment
free of boundary influence, then the same must be true of the model tests, although
some form of correction may be required when test facilities have limited space.

4.52 The Marine-vehicle System

The basic system to be examined consists of the outside form of the hull of a float-
ing vehicle in an expanse of water large enough to exclude effects from the outer
boundaries. At this stage we shall omit a consideration of the method of propulsion,
including that part outside the hull. This is not because the matter is unimportant —
rather, it is so important that we shall devote a separate chapter to it. Suppose also
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that the only motion of the water arises from the passage of the vehicle. Usually,
the effects of air and water are considered separately, but as the main source of
fluid forces arises from contact with water we shall concentrate our attention on
that medium. For steady motion we should expect the local hydrodynamic force
&F to depend on:

(i) the size of the vehicle, represented by a typical length, /;
(i) the speed of the vehicle V;
(iii) the properties of water, for example, dynamic viscosity u, density p, bulk
modulus K, local absolute vapour pressure p, and surface tension v; and
(iv) weight per unit mass g, because the possibility of deformation of the air—
water interface is included.

During the passage of the vehicle through the water those fluid particles in the
vicinity of the hull will accelerate from rest to (possibly) a high velocity. As a result,
regions of low pressure are formed in which the water may boil locally to form
bubbles of vapour. The presence of small solid particles and dissolved air assist the
process as these act as nuclei for bubble formation. The vapour bubbles may then
be swept onward by the main flow towards the regions of high pressure whereupon
they collapse. The subsequent onrush of water filling the cavities results in high
impact loads on adjacent solid surfaces with a real possibility of severe structural
damage and the generation of a great deal of noise. Evaporation of the water can
occur only if the local absolute static pressure, p, is reduced to the local absolute
vapour pressure, which depends among other things on the local temperature. The
likelihood of this process, called cavitation, will be indicated by the difference
between the static and the vapour pressures, that is, by p — py = Apy, say.

The magnitude of the hydrodynamic force can now be written as a functional
relationship between the magnitudes of the other physical variables. That is,

function (8F, , ¥V, 1, p, K, APy, 7,8) = 0. (4.66)
The dimensional formulae of these variables are as follows:
BF1=[MLT?); [l=[L); [V=[LT'])
WI=MLTT =ML KIS ML T
[4p,)=ML™' T7?); [l =[MTT?); [g] = (LT").

We have used ¢ = 3 fundamental magnitudes — mass, length and time interval — and
thus, with n = 9 independent variables, we should expectn — g =9 — 3 = 6 dimen-
sionless IT groups. Let us take the variables p, ! and ¥ as the recurring set since these
satisfy the necessary requirements described in Section 4.3.2. It is a straightforward
matter now to use the rules of the Pi theorem to determine the dimensionless
groups. These are:

m o< 5F _eV =V’
1 DVZF! 2 Tl H 3 ?J'

el Ay oVl
Ma=—; Ns==—75; MNg=—
TR T ey
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and so,

; 5F V1 V® pV? Ap, pVi
functi —_— =,
o m(oT“ii' T AT

The hydrodynamic force 8F can be regarded as the resultant of a force normal
to an elemental area of the surface and two shear forces mutually perpendicular to
each other tangential to the surface. The normal force arises from a difference in
pressure Ap and is_therefore proportional to (Ap)ll. Similarly, the shear forces are
proportional to r,f’ where 7 is the local shear stress. Therefore, we have,

LI 1 Ry Vit L

i h wHd K o o

Ty [m VgV dpy w’r]

e PR e
The groups within the brackets of Equations (4.68) are seen to be identical with
those contained in expressions (4.59). It is quite legitimate and more convenient to
modify the various groups to the form

¢p = ¢a(Re, Fr, Ca, 0, We)

cr = ¢a(Re, Fr, Ca, 0, We)

=0 (4.67)

(4.68)

(4.69)
where

e ;
= LR Fresure coefficient

T
€= I p";, - = local skin-friction coefficient

Re= LT Reynolds number & (7“_“““ L )
# viscous force
|4 inerti 12
Fr= = Froude number & [ Tt force DIE
VgD gravity force
z G
14 inertia force
Ca=2 =
K SHMchy bR S (elastic force )

P—-DPv I
o= = 1
'—f’}p v cavitation number

1/2 f f 1/2
We=V ol =Weber number = Mc_———v
b surface tension force
Often p¥? is replaced by 4p¥? since the latter has a useful physical interpretation
as the dynamic pressure of a fluid stream. Furthermore, if X is the isentropic bulk
modulus,
2y
DL Pt
Ca AR (Ma)*,
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where Ma is the Mach number and may be used to replace Ca in Equation (4.69).

The vector sum of the local forces acting on the wetted surface of the vehicle
will be F=Z5F, and this force will also depend on the dimensionless groups in
parentheses on the right-hand side of Equation (4.69). The resultant hydrodynamic
force can be resolved into three orthogonal components which might be, for
example, resistance (or drag force) in the direction opposite to that of ¥ and lift
and side forces both in directions perpendicular to that of V. Dimensionless groups
can be formed frorn these forces: for example, the resistance R can be used to obtain
the group R/pV*I*, Again we can replace p¥? by 4p¥?* and I* is proportional to a
typical area 4 of Lhe vehicle, which could be the wetted surface area or a cross
sectional area of the wetted hull. In any case, we can write

R
Cr= W = ps(Re, Fr, Ma, o, We). (4.70)

A designer of a marine vehicle will undoubtedly be concerned with the power P
required to propel the vehicle at a steady velocity ¥ against a resistance R. The
power required is thus R " and a power coefficient can be defined so that

P
Cp= = . 4.7
P de(Re, Fr, Ma, o, We) «.71)

We must now qualify the definition of the ‘typical’ length [ used in the discussion
so far. If the model system is in every respect a true geometric representation of the
prototype system, then literally any length can be employed to indicate the size of
the vehicle. We could use the height of the funnel or the diameter of a porthole,
but clearly there would be little value in doing so as it is often unnecessary to model
the entire prototype. Were we to examine the distribution of wind forces on the
superstructure then the funnel would require accurate modelling, but, as stated
already, our chief concem is with hydrodynamic forces. It is more sensible to adopt
a typical length which is more directly related to the magnitude of that part of the
vehicle with which we are concerned. The length [ is most commonly defined as the
length of a straight line joining the Lnterwcuons ot" the bow and stern with the water
plane for a jonary ship; the inal length of a submarine; the
mean chord length of a stabilizer or hydroplane; and so on. There are instances
when it is useful to define / as the cube root of the displacement volume V, that is

13=v=é:
PE

(=)

PE

where A*is the weight displacement. The group P/p¥>* can be combined with
(Fr)* to obtain an alternative to Equation (4.71):

whence

P ﬁ) P e
(W) o) i = ¢7(Re, Fr, Ma, o, We). (4.72)

When the Weber number, We, is large the surface-tension forces will be small
compared with the inertia forces and the effects of surface tension can thus be
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ignored. This will be so when large models which move at moderate or high speeds
are used. On the other hand, surface tension plays an important part in the behaviour
of small models operating at low speeds. Difficulties from this source will be
encountered when small models are used to examine docking procedures or replen-
ishment at sea and the motion of water droplets (spray) and bubbles.

If in a given flow system the value of the Mach number at each point in the fluid
is small, the speed of propagation of sound waves, c=(K/p)”z. is large and so
changes in pressure produce only small variations in density. Under these conditions
the fluid may be considered to be of constant density (i.e. incompressible) without
serious error. The speed of propagation of sound waves in sea water near the surface
is approximately 1500 ms~" (= 5000 ft s™') and thus the arbitrary limit for con-
stant density flow (when Ma is less than about 0.3) is likely to apply in most cases
(except, perhaps, for propellers rotating at high speed). The motion of a body in
air is more likely to be nffcctzd by chmges in density because the sonic velocity is
approximately 350 ms™ (== 1150 fts™ ) at normal temperature and pressure, and
speeds in excess of 120ms™" (=400 fts™") are quite common especially in pro-
pulsion units. Nevertheless, we shall exclude further discussion of the effects of
compressibility in our treatment of the mechanics of marine vehicles.

Finally, it is unlikely that cavitation would be present near the hull as a result
solely of motion of the hull. Although particles of fluid adjacent to the hull are
accelerated their velocity is not so large as to reduce the local pressure to that
approaching the fluid vapour pressure. An exception may arise from motion about
stabilizers, fins and hydroplanes, and, of course, near to propeller blades, bosses and.
rudders. These are, however, discussed separately, and we can consider from now
on that our basic model system for steady motion is described by the resistance
equation

Cgr = function (Re, Fr). 4.73)

It is true that cavitation, for example, occurring locally at some part of the
complete hull—propeller system may well modify the flow over a considerable
region. However, the analysis of these interactions is exceedingly complex and
more often than not the effects are accounted for empirically by the adoption of
correlation factors. For the present purposes these complications may be set aside,
although their possible presence should always be borne in mind.

4.5.3 Homologous Series of Models

A number of models which are geometrically similar in every respect comprise a
homologous series. In practice, a departure from this occurs particularly in Iespecl
of the size, shape and distribution of the surface rough Furth
dynamic similarity may not be possible as a result of limitations imposed by labora-
tory test facilities. The departure from geometric and dynamic similarity on these
counts is often referred to as scale effect. Small ‘corrections’ to the model perform-
ance are sppl.led y adopting correlation all , obtained empirically from
similar, previous tests, in order to predict the pmlolype performance with greater
accuracy.

Occasionally, however, deliberate geometric changes to a member of a homolog-
ous series are required to satisfy some special application, such as operation in
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waters of confined depth or width, or to accommodate special cargoes. A new
design may not be warranted, and it is therefore desirable to investigate a series of
geometrically related bodies to find either an optimum shape or deduce the loss in
performance when small departures from this optimum are made. For example, a
series of wetted hull shapes may be generated by varying the ratio of beam to length
(a fineness ratio — there are numerous other definitions).

Specification of the geometry of the hull of a ship is essentially an exercise in
surveying. Sets of curves (called ‘Bonjean’ curves) are employed at various locations
along the hull to describe transverse vertical and horizontal sections and longitudinal
vertical sections. The coordinates of these curves become dimensionless when
divided respectively by the draught T, the beam B, and the length / of the ship, The
form of the hull is then reduced to a basic shape. The length / may be used to
indicate the size of the hull and the ratio B/f can then be used 1o observe the effects
of the changes in the fineness ratio whereas changes in T/! indicate the effect of
section coefficient (related to draught — again there are other definitions for this).

For completeness, let us denote the mean height of surface roughness by  and
assume the roughness distribution is the same for all models and the prototype. The
additional dimensionless groups B/l, T/ and k/I can now be incorporated into the
resistance equation (4.73) to yield

Cr = function (Re, Fr, Bfi, T/, /) (4.738)

and used to investigate the effects of geometric changes on the behaviour of the
basic model,

4.5.4 Model Requiremenrs

For the present, we retum to the basic case described by Equation (4.73), namely
Cr = function (Re, Fr).

Reference to the definitions following Equations (4.69) shows that, to achieve

dynamic similarity between a prototype system and its geometrically similar model

system, restrictions are placed on the values of the Reynolds number and the Froude

number. In short, at corresponding times we require the values of Re and Fr to be
the same for each system. That is,

(Reyy =(Re)p  and  (Fr)m =(Fr)p 4.74)
where, again, the subscripts M and P denote respectively the values in the model
system and in the prototype system. Thus, when dynamic similarity exists between
the two systems we have, from Equation (4.73),

(Cr)m =(Cr)e 4.75)
and so

R VAyp(Ca = LAR (& g

(R)e = (3pV?4)p(CrIm OV A (R (4.76)
The resistance of the model can thus be measured and then ‘scaled’ to deduce the

resistance of the prototype vehicle.
In Equation (4.76) the typical area is usually the wetted surface area, but since
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A=l we can write

fe (B g
AMm M

where § is the length scale factor and is equal to Iy flp.

It now remains to find the corresponding speed of the vehicle to satisfy the
conditions imposed by dynamic similarity. There are two such conditions from
Equations (4.74), namely,

® Vw(f;"”f‘:)r/w(‘;—:‘)s*n

and 4.77)
12
(i) m=(’ﬁ) Ve =5"Vp,
Ip
from which
M _ c32
= 54, (4.78)

When the prototype is small it is sometimes possible to use a full-scale model, and
then § = 1. Tests on such a model should be both accurate and valuable since labora-
tory conditions can be controlled easily. On the other hand, the prototype vehicle
may have a length of 400 m (= 1310 ft) or more for a surface ship, whereas the size
of the model is governed by the extent of the test facilities and instrumentation and
the cost of building models. The largest ship models in use at present are about
13 m (=45 ft) long and so § = 0.033. Equation (4.78) shows that the ratio vps/ve
would need to vary between unity and 0.006 according to the scale factor. For the
model tests at full scale, vy =vp, and obviously sea water or a 3.5 per cent brine
solution would be used. For the model tests at the smallest scale, however, we need
a liquid having a kinematic viscosity of 2.5-5.5x107% m? s~ (= 27-59 x
109 ft? s'l) depending on temperature. Other physical and chemical properties
of the liquid must also be acceptable.

Unfortunately, there is no known liquid which satisfies these conditions. Indeed,
liquids of any practical use have kinetic viscosities remarkably similar to that of
water, We may therefore conclude that dynamic similarity between the model and
prototype systems is impossible when inertia, viscous and gravity forces are import-
ant. The interpretation of test data raises considerable difficulties and the subject
will be discussed more fully later.

Gravity forces are only called into play when distortion of the free surface, that
is the air—water interface, occurs. When the prototype and thus the model are
sufficiently deeply submerged this disturbance is no longer significant and Fr can
be omitted from consideration. Only the equality of Re is required, but to achieve
this is often far from easy. Dynamic similarity between deeply submerged vehicles
is established when

(). 3)

If the kinematic viscosity of the liquid in the model system is little different from
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that in the prototype system we have, from (i) of Equation (4.77),

Vu=5"¥. (4.80)
For a scale model of one-fortieth of the prototype size Equation (4.80) yields

-1
Pu= (40) Vp =40Vp.

Hence, for a prototype speed of 10m s~ (== 20 knots) the model speed required
is 400 m s~ (¢ 800 knots), which is quite impracticable. In any case, at such
speeds and beyond, the effects of compressibility of the liquid (and air surrounding
the model) would drastically alter the flow characteristics to prevent the achieve-
ment of dynamic similarity, The best that can be hoped for is that Fy is great
enough to ensure that (Re)y is well in excess of the critical value, A turbulent
boundary layer can then be assumed to cover most of the model, but since (Re)y is
less than (Re)p the transition from laminar to turbulent flow will be correspondingly
further aft for the model. However, the relative surface roughness of the model is
likely to be greater than that of the prototype, and the individual bumps will doubt-
less encourage a transition point further forward on the model than would be
obtained from a hydraulically smooth surface. Nevertheless, the experience of
experimenters has shown that in some cases the laminar layer on the model can be
quite extensive and result in misleading predictions of the prototype resistance.
Here, then, is another reason why turbulence stimulators are fixed near the bows of
both submerged and interface models in an effort to obtain dynamic similarity with
the prototypes. A.lt.hough lhe technique is s:.mple and relatively successful it is
doubtful if dy ilarity is actually achi 5

Provided that a free surface does not affect the motion of a prototype and a
model, tests can be carried out with the aid of a pressurized wind tunnel. By increas-
ing air pressure at constant temperature it is often possible to reduce vy sufficiently
to satisfy the requirements expressed by Equation (4.79).

4.5.5 Departures from the Basic System

So far we have dealt with the basic model system described, for example, by
Equation (4.73). Apart from the effects of the compressibility of air on the perform-
ance of fans and propellers on hovercraft there are no further instances in which Ma
need be retained in expressions describing the performance of prototypes and their
models,

When there is a real possibility of cavitation near the appendages attached to the
hull of a model ship then tests must take account of this especially if high-speed
operation is contemplated. The condition for dynamic similarity in respect of the
cavitation number, g, is

(o)m = (o

(&T;’)m ) (!ipl;’)p' (481)

It is only when the possibility of cavitation is absent, that is when Ap, > 0 (and
usually taken as some pressure difference rather greater than zero depending on the

that is,
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purity of the water), that we have no need to consider absolute pressures. Since
there are no voids in the water the reference pressure may be taken as that at the
free surface. The local pressure relative to the reference pressure is then proportional
to the corresponding depth below the free surface and, for geometric similarity,
that distance is proportional to /. Thus the dimensionless pressure difference analog-
ous to the parameters in Equation (4.81) is

apfApV? =ifpV?,
Consequently, for dynamic similarity and a given liquid we see that
Vu =577y, (4.82)

which is the same criterion as that based on the equality of Froude numbers given
by (ii) of Equation (4.77). Under these conditions, however, the model does not
give an acceptable indication of cavitation inception in the prototype system.

Remembering that the vapour p Py is an absolute p , We can write
Equation (4.81) in the form

Py +(Pa)m — (PM _pe +(2a)e — (2)e
Py Vi prVE

where p, is the ambient pressure at the air—water interface. At a depth zy below
the interface in the model system the gauge pressure pm = pMmEZM = PMESZP =
S(pm/pp)pp, where zp is the corresponding depth in the prototype system. Let us
assume now that the liquid used in both cases has the same density, so that py =
Pp = p, but different vapour pressures. We then find that,

a - 'V,
See Pl =SB - 5y + 3o ~(pu0e

which reduces to

@adu _ o, (vdm = S(po)e
wr o e @83

Equation (4.83) shows that (p,)u is less than (p,)p because § < 1, for tests with
ship model hulls, and both (p,)y and (py)p are less than (p,)p. The value of p, for
pure water at 15°C is 1725 Pa (= 0.25 Ibf in~2), although for sea water a ‘safe’
value to adopt might be ten times as great as this. Atmospheric pressure for the
prototype is not usually far removed from 1 atmosphere (101.3 kPa = 14.7 ]hfiu"l).
Thus, for amodel to full-size scale ratio § = 0.05 and with (py)p = 10(py ) Equation
(4.83) shows that (p)p = 17(py)m, and when the vapour pressures of laboratory
water and sea water are taken to be the same then (p,)p 2 15(pa)um. In other words,
the ratio of the model free-surface pressure to the prototype free-surface pressure is
not too different from the scale factor §. This imposes severe restrictions on most
laboratory equipment although a number of cavitation tunnels and circulating water
channels can be depressurized. A recently developed installation in The Netherlands
allows the complete building which houses a towing tank to be evacuated. The
ambient pressure at the surface of the water in the tank can be reduced to about
5 kPa (about one-twentieth of an atmosphere) so that cavitation experiments can
be scaled accurately.
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High speed craft such as planing and hydrofoil boats generate a considerable
quantity of spray from struts and that part of the hull in contact with the water.
The spray, often under the influence of the wind, is thrown rearward relative to the
hull and may impact upon the elevated hull, the foredeck or the upper structure.
The result is an increment of spray resistance, the magnitude of which depends on
both Froude number (controlling the initially propelled sheet of water) and the
Weber number (controlling the break up of the sheet into droplets). Undoubtedly,
viscosity also influences the initial instability of the sheet of liquid before the
formation of the droplets. It is evident from the definition of We that the modelling
of spray formation requires the additional criterion

Vu =5"Y4vp (4.84)

if the same fluid properties are taken for both systems. Equation (4.84) provides
yet another relationship between ¥y and Vp different from those in Equations
(4.80) and (4.82). Even if different liquids are used problems still remain, because
the same physical restrictions apply to ¥/p as to ,u/.o = y) The precise hehakur of
spray is still not clear and an empirical i is usually included in
the total.

Finally, although we have been concerned with the steady motion of a vehicle
through a large expanse of water at rest, we must consider the surface waves invari-
ably present during the prototype motion. The assessment of hydrodynamic forces
and moments on a ship’s hull in a random seaway is complex. Many investigations
are therefore based on a simple harmonic disturbance propagated at the interface
with a velocity C relative to the Earth. It is a straightforward exercise to show that
if the model wave system is geometrically similar to that of the prototype an
additional, dimensionless group ¥/C must be added to the right-hand side of the
functional relationship (4.73), for example. The wavelength, that is the distance
between successive wave crests (or troughs), is proportional to the *typical’ length /
and so

YV
CM‘

where N is the wave frequency.t In order to satisfy the conditions of similarity
between the model and prototype systems we must have

(). (). @s9

and therefore

Nm
Vu=§8 ¥p.

If the model scaling is consistent with equality of Froude number then ¥y =§"?vp
and

Ny =8"Y2N, (4.86)

+ The group NI/ ¥ is sometimes called the Strouhal number.
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As § is usually less than unity for ship model tests it can be seen that the wave
frequency of the model is greater than that of the prototype.

4.6 Model Testing

There is no intention here to produce an exhaustive list of those facilities available
for model tests; instead, the chief attributes of different types of equipment which
affect the mechanics of marine vehicles will be summarized. Nevertheless, it is
instructive to put these installations into perspective by quoting some overall sizes
where applicable. Many establish have developed their own specialized tech-
niques of testing models depending on the extent of the available instrumentation
and data processing apparatus. Essentially, the facilities can be collected into two
groups. Members of the first group have a free surface present and are represented
by the towing tank, the manoeuvring tank and the circulating water channel. The
second group, represented principally by the water tunnel (the hydraulic analogue
of awind tunnel), has a totally enclosed test section and no free surface. The models
are sometimes free-running and remotely controlled, or the motion of the model
may be controlled by a mechanical linkage fixed to a moving platform. Waves are
generated at the free surface by wave-makers which can take the form of oscillating
plates, wedge-shaped plungers or cylinders transmitting pneumatic oscillations.

Some of the main features of a range of test facilities are summarized in Table
4.1 and are now discussed briefly. References [7—10] may be consulted for ad-
ditional information.

4.6.1 Towing Tank

This is probably the most widely used of all the test facilities owing to its value in
estimating the resistance to motion of marine vehicles. Essentially, the equipment
consists of a long, open-topped tank of rectangular cross section containing water,
In large tanks a rail runs along the top of each side wall for the total length of the
tank. (An alternative, when the installation is smaller, consists of an elevated mono-
rail supporting a light carriage lying in the longitudinal centre plane.) A carriage
usually spans the water and is supported by wheels running on the side rails. The
size of the carriage is a compromise between lightness to allow rapid acceleration to
the steady test speed and stiffness to avoid deformation when carrying observers
and recording equipment. The carriage can be driven either by motors situated ‘on-
board’ driving the wheels, or by a motor located ‘on-shore’ driving an endless cable
fixed to the carriage. Fig. 4.10 shows a view of the 400 m (= 1310 ft) long Number 3
towing tank at the National Maritime Institute and illustrates the principal features
of this type of facility.

A resistance dynamometer connects the model to the carriage. Although a simple
spring-balance system could be used it is not sufficiently accurate, A purely mechan-
ical system usually entails measuring the displacement of one end of a suitably
damped pivoted arm, the other end of which is connected by linkages and springs
to the model. More recently strain-gauge dy ters have been adopted as these
are compact and require little displacement to yield a good frequency response. In
addition, therefore, to their value in recording steady forces they can detect fluctuat-
ing loads and, moreover, be housed inside the model if necessary. This allows
direct measurement of, for example, the thrust and torque on the propeller shaft of a
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Fig.4.10 NMI No. 3 towing tank.

self-propelled model. Furthermore, a multi-component balance can be constructed
10 allow the simultaneous measurement of force of components in various directions.

The size of the towing tank depends on the size of models to be used, and these
are strongly influenced by the limits of financial investment. For acceptably accurate
data the steady ‘on-run’ time for the model is about 5--7 seconds. Time must be
allowed for the accelerating run-up phase and deceleration at the end of the run
with a further emergency stopping distance. Once the maximum steady speed and
the carriage size are determined the appropriate drive motors can be designed. These
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motors decide the acceleration of the carriage and an overall length of the tank can
then be estimated. The maximum model size also determines the cross sectional
area of the tank y to avoid ble side-wall and bottom mterference
with the flow pattern. At one time it was considered that if the maxi

cross sectional area of the model did not exceed 1 per cent of the cross sectional
area of the tank then boundary interference would be negligible. Later, extensive
tests with a model of the Lucy Ashton indicated that a value of 0.4 per cent should
be adopted. For the sake of ease in construction a rectangular cross section is used
for the tank, and the depth is about one-half the breadth since the model is towed
along the longitudinal centre line of the water surface.

The first towing tank was built by William Froude in 1871 and installed on a
site at Torquay. Although Froude died in 1879 the value of the tank and the results
from it were appreciated during its use for about 13 years. The tank was then moved
to the Admiralty Marine Technology Establishment, Haslart, where some of the
original equipment from the modified tank built in 1886 still remains. Froude's
early models were about 3 m (= 10 ft) long, but now the AMTE models are on
average about 5 m (= 16 ft) long for use in the more recently constructed tanks.

The length of most towing tanks is in the range 120—250 m (== 400-850 ft)
which accommodates models 3 m (= 10 ft) long running at maximum speeds of
5-15ms™ " (= 10-30 knots). For those tanks containing wave-making facilities
beaches are installed at each end of the tank (one just behind the wave-maker) to
dissipate the propagated wave pattern. This eliminates the possibility of end-reflected
waves interfering with those generated by the model during the test run and also
p the setting-up of a di pattern. The maximum height of waves
that can be continuously generated is usually about 0.5 m (= 20 in) with wave-
lengths between 1 and 12 m (2= 3—40 ft). In the NSRDC high-speed tank it is often
found that the model resistance is as high as that of a 90 m (= 300 ft) lonlg cargo
ship with a displacement of 60 MN (== 6000 tonf) travelling at, say, S ms™" (=10
knots)! This tank is especially valuable for testing models of high-speed craft such
as planing and hydrofoil boats and hovercraft. Several facilities exist which have
been purpose-built for use with these craft and special methods of rapid recording
and storage of data have been developed in this context.

4.6.2 Warer Tunnel

The principal purpose of the water tunnel is to simulate on a model cavitation
conditions similar to those on the prototype. We saw from Equation (4.83) that,
for ship models with S <1, this simulation leads to (py)m <(pa)p; that is, the
water pressure must be lower than the normal atmospheric pressure. A vacuum
pump is used to achieve this while a second pump circulates the remaining water,
which completely fills the tunnel, round the closed circuit. The main regions giving
rise to cavitation are adjacent to the backs of the propeller blades and the propeller
bosses, stabilizers, hydroplanes and rudders, all of which operate fully submerged.
Bubbles generated by cavitation and air coming out of solution would interfere
with the flow pattern about the model as well as hindering observation through
windows in the tunnel wall. For these reasons a resorber cylinder is built into the
circuit to increase temporarily the water pressure as it passes through, thereby

+ Known previously as the Naval E i Works and ly the Admiralty Experi-
ment Works (AEW).

Google



172 | Mechanics of Marine Vehicles

Fig. 4.11 NMI No. 2 cavitation tunnel.

restoring clarity and the original quantity of absorbed gas. The NMI Number 2
cavitation tunnel, shown in Fig. 4.11, is interesting in that it extends no less than
55 m (= 180 ft) below ground level in order to remove bubbles and to reduce the
unsteadiness and non-uniformity of the flow to a minimum. The range of working
pressures is 10—600 kPa (== 0.1—6 atmospheres). Comprehensive instrumentation
at the propeller shaft consists of strain-gauge transducers for the measurement of
thrust and torque. Both mean and fluctuating components are taken and these,
along with the outputs from flush-mounted pressure transducers on the model
stern, are fed to multi-channel data loggers, with variable integration periods, for
subsequent analysis.

In order to model the prototype system more closely cavitation tests on a ship
propeller are often conducted behind part of the stern of a model fixed to the
horizontal roof of the test section (Fig. 4.12).

4.6.3 Manoeuvring Tank

It is essential to know if a prototype ship can keep to a given course and to deter-
mine the manoeuvrability of the ship when the rudder is applied. The torque required
to turn the rudder must be ascertained and, in some cases, the extent to which the
ship is controllable at low speeds and in confined waters when docking is valuable
information. Furthermore, the behaviour of surface ships in waves of any heading
is clearly important and the best way to examine this is by using a manoeuvring
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Fig. .12 Stern—propeller combination,

tank containing free-running models complete with rudder(s) and propeller(s).
Figure 4.13 shows a typical, self-propelled model heading obliquely through a
unidirectional series of waves generated at one end of the manoeuvring tank.

Strain-gauge dynamometers in the models are used 10 assess the propeller torque
and thrust and gyroscopes measure angular displacements, In a seaway a ship may
experience very large hydrodynamic loadings at the bow and along the keel when
travelling at high speeds. Momentarily the local upward dynamic force exerted by
the waves exceeds the corresponding buoyancy force so that the ship may rise out
of the water. As the ship subsequently ‘falls back’ into the sea there is a sudden
change in vertical acceleration and very severe impact loads occur as it re-enters the
water, The process is called slamming, and the installation of accelerometers on
board models can be used to assess the problem (in both free-running models and in
those attached to towing carriages). An example of the full-scale behaviour in rough
seas and a model reproduction of the motions is shown in Fig. 4.14 (the model is
mounted in a towing tank).

The direction of the models and therefore rudder adjustment is activated by radio
signals at high frequency. Waves are generated by wave-makers which can operate
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Fig.4.13 Model ship in NMI No. 4A manoeuvring tank.

along two of the walls surrounding the square or ‘rectangular tank and so either a
unidirectional or a confused wave system can be simulated at the interface. The
usual procedure, however, is to adopt a unidirectional wave pattern, with a beach at
the opposite end of the tank in order to dissipate the wave energy and thus avoid
reflection. The model is then driven straight into the oncoming waves followed by a
90° turn to obtain a beam sea and finally a second 90° turn gives the following-sea
condition. Control and stability tests are carried out in calm water so that estimates
can be made of both the ease with which the ship can tum in a circle manoeuvre
and the rapidity of response to full rudder to achieve a straight-line motion follow-
ing the circle trajectory. The analysis of the results obtained from models approach-
ing a unidirectional wave system at different angles is rather simpler than attempting
to reproduce the conditions of a confused sea state, even though this is the more
usual case for the prototype in a seaway.

The heading and velocity of the model may be obtained from the traces, on an
intermittently exposed film, of small lights fixed to known stations on the model.
The camera may be located above the tank and the position of the model relative to
a fixed point in the tank may be deduced from a grid reference painted on the tank
floor. Data are usually recorded from a telemetry system onto magnetic tape for
subsequent computer analysis, although traces are often taken on a multi-channel
ultraviolet recorder.

The sizes of some manoeuvring tanks are shown in Table 4.1. Situated towards
one end of the AMTE tank is a concrete pillar on which is mounted a pivoted,
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Fig. 4.14 Modelling of a ship in rough seas. (Lower picture in each case taken in towing tank.)

horizontal, rotating arm. The arm can be operated at speeds up to 35 degress per
second and models can be attached at various radii up to 27.5 m (= 90 ft). The
main purpose of the rotating arm is to obtain experimental values of some of the
angular velocity derivatives contained in the general equations of motion for a rigid
vehicle (which are derived and examined in Chapter 10). Both surface ship and
submarine models can be attached to the arm (see Figs 4.15 and 4.16) and the
results supplement those derived from experiments with the Planar Motion Mechan-
ism, discussed in Chapter 10, used in conjunction with a towing carriage over a
towing tank or a fixed installation over a circulating water channel. Fig. 4.17 shows
Planar Motion Mechanisms (PMM).

b Google



Fig. 4.16 AMTE rotating arm with a submarine model attached.
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Fig. 4.17 AMTE towing tank with planar motion mechanism attached to carriage: (a) vertical
motion; (b) horizontal motion.
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One of the manoeuvring tanks at the NSRDC has a channel near one wall 15.25 m
(= 50ft) wide and a depth somewhat greater than 10.5 m (= 35 ft) so that free-
running submarine models can be tested. It was in this tank that the optimum shape
was found for high-speed nuclear submarines which could exhibit good control
when fully submerged.

A large open-air tank at the National Maritime Institute can be used for manoe-
uvring tests on large models in shallow water (Fig. 4.18). The models can be radio-
controlled or operated by a crew. The tank is particularly useful for interaction
experiments and for modelling sections of canals, docks, harbours and so on. Figure
4.18 shows a self-propelled model being steered against a current along a curved
length of a shallow canal. Recording instruments and cameras in the model log the
movements of the rudder and the path followed relative to the banks. Beam wind
forces, which can be important in canal navigation, are reproduced, when needed,
by sideways-facing air propellers mounted on the deck of the model.

At first sight, these large tanks containing free-running models appear to be ideal
as they avoid interference of the flow by supports attached to the model. Unfortun-
ately, many problems face the experimenter, not the least being the necessity to
incorporate a great deal of instrumentation in the hull of small models. Some idea
of the complexity of a fully instrumented, remotely controlled model for use in
seakeeping experiments can be had from Fig. 4.19. Moreover, the model must be

Fig. 4.18 NMI No. 7 open-air ing tank with sel model,
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Fig. 4.19 Fully instrumented, free-running model ship.

ballasted correctly to simulate the stability characteristics of the prototype as well
as having the correct distribution of mass to scale the inertia forces of the dynamic
system accurately. So, even after theoretical analyses are verified by model tests,
the final proof of the design comes with ship trials; but by then errors are extremely
costly and consequently methods of improving the accuracy and reliability of model
testing are still pursued with enthusiasm,

4.6.4 Circulating Warer Channel

This device is in many ways similar to the water tunnel except that the working
section has a free surface (see Fig. 4.20). Windows surround the complete test
section to assist lighting and photography and thus provide easily assessed evidence
of flows round novel forms or modifications to existing hulls, It is then possible to
investigate phenomena associated with the deformation of the interface arising
from the relative motion of vehicles only just submerged. Hydrofoils can be treated
similarly, and the nature of air entrainment by draw-down from the surface (ventila-
tion) can be likewise investigated. Although a drag balance or PMM can be fixed
above the test surface the measurements so recorded are often not accurate enough
for design calculations. Instead, the channel is used primarily for flow visualization,
the measurement of free-surface deformation and for measuring pressure and shear
stress on the surface of models (see Fig. 4.21). In some cases a false floor can be
adjusted so that shallow-water experiments can be conducted,

Cavitation conditions on submerged foils can be encouraged by adding a roof
above the test section so that the air pressure can be reduced by a vacuum pump.
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Fig. 4.20 NMI circulating water channel.

Fig. 4.21 Surface pressure measurements on a model in the NMI circulating water channel.
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Fig. 4.22 AMTE circulating water channel with removable roof.

This facility forms part of the AMTE channel and a minimum pressure at the water
surface of 40 kPa (= 0.4 atmospheres) can be achieved. Figure 4.22 shows a view of
the AMTE channel, with the test section roof removed, but with the drag balance
fitted and attached to a model frigate. The flow direction is from the bottom-left
to the top-right position in the figure. To provide a uniform velocity distribution
near to the surface the effects of shear flows close to the inlet nozzle walls need to
be removed. This may be done by injecting high-velocity water near to the roof
traversing the inlet region of the test section. The pipe and control valve towards
the bottom-left position of Fig, 4.22 are used for this technique.

The limitations of water channels are rather similar to those of tunnels in respect
of the lack of flow steadiness and uniformity, but careful design of the entry to the
working section and its walls helps to alleviate these problems.

4.6.5 Models

Models are manufactured to a suitable scale from the prototype ship’s lines. Origin-
ally, varnished wooden models were used, but it was difficult to maintain dimensional
tolerances over long periods, alternating between immersion and storage under
changeable atmospheric conditions. Most models are now manufactured from wax
by methods essentially the same as those put forward by William Froude in 1873.
The material is 95 per cent paraffin wax with small additions of beeswax and a
substance called ceresin, both of which have the effect of hardening the wax, thus
increasing rigidity and reducing porosity. The wax produces a good uniform surface,
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but nowadays just as good, if not better, results are obtained with models made
from glass-reinforced plastic or expanded polystyrene coated with a waterproof
layer of plastic.

The wax model is cast roughly to the hollow-shaped hull and then placed upside
down on a table above which are two mechanical cutting tools (see Fig. 4.23).
These tools are carried on arms which move horizontally and vertically to remove
simultaneously the surplus wax from each side of the longitudinal, vertical centre
plane of the model. The position of the cutters is controlled by a pointer which
follows a plan of the ship’s lines. A series of steps are cut into the outer surface of
the hull and these are then faired-in to the final shape (see Fig. 4.24). Before testing
and during storage the model is submerged in water to ensure a uniform temperature
throughout before tests begin, for otherwise the model might become distorted.
The plastic models are generally made by hand lay-up techniques using finely
chopped, strand-matt reinforcement fibres and a wax former.

The type of model depends on the tests. Clearly, for calm-water resistance it is
necessary only to model the underwater part of the hull, and the material above the
water line is kept to a minimum. On the other hand, for models used in waves and
in tests for seaworthiness, there must be complete modelling of freeboard and shape
of topsides. In most cases the models are used with turbulence stimulators near the
bows, Many laboratories find that the most reliable results are obtained by employ-
ing studs but, as mentioned already, no discrete roughness simulation can be expected
to produce complete dynamic similarity between the model and the prototype. To
ease the interpretation of test data the size, spacing, shape and location of the studs
are now standardized and used by the major laboratories of the world.

Fig. 4.23 Cutting a wax model.
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Fig. 4.24 Fairing the surface of a wax model.
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5
Steady Motion at Low Speeds

5.1 Introduction

Before discussing in detail the steady motion of marine vehicles, it is necessary to
examine, at least qualitatively, just what is meant in this context by ‘steady’. For
example, a surface ship moving in a seaway will, in general, encounter and generate
waves at the air—water interface. Neither the surface area exposed to air nor to
water will remain a constant proportion of the total surface area of the vehicle. It
is thus reasonable to expect the resistance to motion to vary also. (In most cases we
shall concentrate on that component of resistance arising from submersion of the
hull in water since this will give rise to the major resisting force.) A propulsor, such
as a propeller, operates at a constant speed of rotation for long periods and provides
a nominally constant thrust to maintain the forward motion of the vehicle. The
combination of a variable resistance and constant thrust will evidently result in a
continual change of forward speed, that is, the vehicle will ‘surge’.

Suppose now we consider all the waves at the interface to be absent or, alter-
natively, let the vehicle be deeply submerged and approach completely still water.
Surely then we can have steady motion of the vehicle? Strictly speaking, the answer
is no. Even if the fluid were considered inviscid it can be demonstrated that any
propulsor imparting angular momentum to fluid particles by means of a rotor con-
taining blades must produce an unsteady (i.e. time dependent) forward thrust [1].
It is therefore clear that absolutely steady motion is an ideal which cannot be
achieved in practice. However, owing to the immensely complex behaviour of the
flow about marine vehicles, some simplification of our system must be made. We
shall assume that steady motion can exist for surface ships, submarines, air-cushion
vehicles, planing craft and hydrofoil craft. For example, the expression for forward
velocity ¥ is assumed to take the form

V=F+¥',

where ¥ is the time average value and ¥’ the fluctuating component. We then
require | 7' | €| 7| for an acceptable definition of steady motion.

Whether or not the vehicle can proceed at a steady velocity in a given, straight
reference direction requires an investigation of directional stability and is considered
later. For the present, we shall assume that a steady, horizontal reference motion
can exist in the fore-and-aft direction, that is, parallel toa vertical plane of symmetry.
Once relative motion takes place between the vehicle and the surrounding fluid the
laws of hydrostatics no longer hold because particles of fluid are displaced from
their positions at rest during the passage of the vehicle. Furthermore, the particle
motions are unsteady and the unsteadiness is augmented by surface waves and wake
flows. Hydrodynamic forces are therefore applied by the fluid to the vehicle in
addition to the hydrostatic buoyancy force, which may also be modified by the
motion.
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In order to obtain and maintain steady motion it is necessary to develop a thrust,
T, from a propulsor device. When steady motion has been attained the forces and
moments acting on the vehicle are in equilibrium. The conditions to achieve this
will now be our main concern.

5.2 Fluid Forces

Let us examine the essential difference between the fluid forces applied to a vehicle
at rest and those forces applied to a vehicle when relative motion exists. Consider
first a i Y, sub ially axisymmetric vehicle, with the longitudinal section
shown in Fig. 5.1, immersed in a fluid of infinite extent which is at rest. (The body
can be likened to the bare hull of a submarine or airship.) The upward buoyancy
force, Fi, exterted by the fluid on the vehicle results from the distribution of static
pressure over the surface of the vehicle. For equilibrium the buoyancy force must
be equal to the weight displacement of the vehicle, that is

Fp=A*=W=pgV

and, as we have seen in Chapter 3, this equation remains true for any orientation
of a floating body. The vehicle will remain in a state of stable equilibrium only if the
centre of buoyancy B lies above the centre of gravity G.

Suppose now the vehicle (an airship, say) moves forward in the direction of its
longitudinal axis with a steady velocity ¥ by the application of a constant propulsive
thrust T, as shown in Fig. 5.2. The flow pattern about the vehicle can be assumed

fl /] —
&

Fig. 5.2
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to be axisymmetric, so that forces normal to the direction of ¥ resulting from any
modification of the pressure distribution will cancel out. The fluid dynamic force
in an upward direction, namely the lift L, is therefore zero and only Fg remains. A
drag force D, parallel to the direction of V', results from the distribution of shear
stress over the surface and from the dissipation of energy in the wake. For equi-
librium we must have

A*=Fg=W
T=D
tT+aD —xFg=0.

Data for the airship R—101 suggests that A% = 1.67 MN (= 167 tonf), T'= 50.25 kN
(== 11300 Ibf), @ + r = 8.84 m (= 29 ft), and thus we find that x = 0.266 m
(= 0.88 ft). In other words, adjustment of the position of G (by moving ballast, for
example) so that x has this value would enable the airship to fly ‘straight and level’.

If, as is shown in Fig. 5.3, the vehicle moves forward at an angle of trim (i.e. the
angle between the velocity vector and the longitudinal axis is no longer zero) the
axial symmetry of the flow is destroyed. In addition to the buoyancy force there is
usually a dynamic force F, and the question arises as to how these forces can be
identified separately. When the fluid is set in motion by the passage of a vehicle,
then (i) the fluid gains kinetic energy at the expense of its pressure and potential
energy, and (i) the curvature of the streamlines alters the pressure gradients in the
fluid so that static equilibrium no longer prevails, The pressure distribution over the
body is therefore modified and, as a result, the integrated pressure force exerted on
the body changes in magnitude and direction. Note also that the shear stresses on
the surface of the body will also contribute to the total force.

It is convenient to take Fpg as the buoyancy force on a stationary vehicle; F is
then defined as the vector difference between the actual fluid force and that which
would prevail in the static case. The total fluid force (excluding the reaction to the
thrust) is therefore the resultant of F and Fpg, say Fr. In other words, Fr is the
vector sum of F and Fp. Thus for steady motion of the vehicle the forces F, Fg, W
and T or, alternatively, F7, W and T must be in equilibrium to form a closed force
polygon. Because of port-and-starboard symmetry no side forces are present and all

Fy = 4°

Fig. 5.3
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the forces must therefore lie in the vertical centre plane. It is often useful under
these circumstances to resolve F into lift and drag force components.

Similar arguments to those above can be applied to vehicles in motion at the
interface. However, distortion of the interface modifies the magnitudes of Fg, F
and T. Furthermore, the earlier concept of steady flow must be introduced. For
interface vehicles it is usual to think in terms of vertical and horizontal forces such
as those shown in Table 5.1. The force Pr is a towing force and since the lift force
L is invariably associated with fully submerged bodies the symbol F, has been
preferred to imply a vertical dynamic force. When F, is absent the resistance R is
usually associated with the total force on the vehicle in a rearward direction parallel
to the direction of motion. The resistance then consists of drag components developed
on various parts of the vehicle, some of which may be fully or partially immersed in
either air or water.

Table 5.1 Force notation.

Vertical forces Harizontal forces
Vehicle Upward Downward Forward Aft
Conventional ship Fp L T R
Planing craft Fy, Fy L3 T D
Dracone Fg W Pr R
Hydrofoil Fp. L w T D

In Table 5.1 it has been assumed that steady motion occurs in the fore-and-aft
plane of symmetry. Obviously, the relative magnitudes of F, Fip, Wand T can vary
enormously from one vehicle to another and, for a given vehicle, from one operating
condition to another. For example, owing to the very low relative density of air the
contribution of Fi to the total vertical force supporting an aircraft is negligible. In
contrast, the buoyancy forces on bodies moving in, or on the surface of, water can
be extremely large. As we shall sce there are some vehicles, for example hydrofoil
craft and planing craft, for which Fg may become a relatively small proportion of
Fr as V increases. Aerodynamic as well as hydrodynamic forces may be significant
for some interface vehicles (e.g. sailing craft which rely on wind forces to produce
the propulsive thrust on a sail). Although it is reasonable to expect some inter-
dependence between aerodynamic and hydrodynamic forces they are generally
considered separately in most analyses.

5.3 Zones of Operation

There are three principal zones in which we may expect significant differences in
the behaviour of a marine vehicle. These zones are shown in Fig. 5.4:

1is a region in which the vehicle can be considered immersed in a fluid of infinite
extent in all directions;

11 represents a region in which the flows round, and therefore the fluid forces on,
a vehicle are modified by the proximity of a solid boundary; and

111 is where the behaviour of the vehicle is affected by the proximity of an inter-
face between two fluids.
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Fig. 5.4 Zones of operation for marine vehicles.

The boundaries of these zones are imprecise as they depend on the geometry of
the vehicle and on the properties of the fluid concerned. Sometimes the sea bed
cannot be assumed rigid or solid and then the operation of a vehicle near to it would
be more like that in a zone of type III rather than type II. However, vehicles in a
zone of type II will not be investigated here and neither will the following, rather
important problems: (i) shallow running of submarines and torpedoes; (ii) operation
of ships in shallow and/or restricted waters; and (jii) ships running close together
during refuelling. Instead, attention is focused on vehicles in zone I applied to the
sea and zone III at the interface in deep water. In both cases the upstream flow
relative to the vehicle is considered to be uniform and steady, the water density is
assumed constant throughout and the only waves at the interface are those generated
by the passage of the vehicle.

5.4 Field of Flow

When relative motion occurs between a fluid and a marine vehicle the forces exerted
by the fluid on the vehicle are of two main types:

(i) those distributed over the complete wetted surface of the vehicle including
that of rudders, stabilizers, hydroplanes, etc.; and

(ii) propulsion forces which are localized near some form of propulsor such as
the blades of a propeller.

Forces of type (i) are discussed in this chapter and those of type (ii) are dealt with
in Chapter 7. The usual assumption will be made that the two types of forces can
be ined sep y although subsequently some effort is made to ‘allow” for
any error that arises from the effects of interaction.

The relative motion between the main flow of fluid and the vehicle will be
regarded as steady throughout. The standpoint adopted is that of an observer
stationed on the vehicle; he thinks he is on a stationary vehicle in a fluid moving
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with a steady approach velocity. Three flow régimes require special consideration:
(i) flow very close to the surface of the vehicle; (i) flow at some distance from the
vehicle; and (jii) flow at and close to an air—water interface including distortion of
that interface.

5.4.1 Flow in the Boundary Layer

It is characteristic of all real fluids that whenever relative motion exists between
the fluid and a solid surface no ‘slip’ takes place at the surface. No matter how
smooth the solid boundary or how small the viscosity may be, the particles adjacent
to the boundary do not move (provided that we omit gases at very low pressure).
The relative velocity of the fluid must therefore increase from zero at the boundary
to that corresponding to the velocity in the main stream. The region in which this
increase takes place is called the boundary layer and it may be very thin indeed,
although the velocity increases continuously — there is no abrupt step change. Out-
side the boundary layer conditions in the main stream prevail and as a result of the
absence of large velocity gradients there the effects of viscosity are found to be
negligible.

The rapid change of tangential velocity with distance normal to the boundary
implies the presence of large shear stresses. It was Prandtl who, in 1904, suggested
that the flow of a real fluid past a solid boundary could be considered in two parts:

(i) a thin boundary layer in which shear stresses are of prime importance; and
(ii) the flow beyond the boundary layer which may be regarded as that of an
ideal (inviscid) fluid.

The concept of a thin boundary layer requires a definition of thickness, but unfor-
tunately this lacks precision because the conditions in the main stream are approached
asymptotically. Nevertheless, a meaningful definition may be based on the accuracy
with which measurements can be made of, say, velocity. By accounting for changes
in flow rate, momentum and energy, more precise measures of thickness can be
deduced mnthematicauy, but at some loss of physical reality.

Figure 5.5 shows the longitudinal section of a stationary body deeply immersed
ina fluid of infinite extent. For our purposes the body may be assumed to be either
a ic or two-di jonal of infinite length normal to the plane of the paper.
The uniform upstream flow moves steadily towards the body in a direction parallel
to its centre line. The boundary layer extends downstream beyond the body to
form a wake ining relatively sl ing eddies which translate at a lower
velocity than that of the main stream. Note that the boundary-layer thickness
increases towards the rear of the body so that, by virtue of continuity of mass flow,
some fluid must pass into the boundary layer. The line defining (loosely) the ‘outer
edge’ of the layer (shown as a broken line in Fig. 5.5) is not, therefore, a streamline.
The extent of the retarded flow in a direction normal to the surface of the body
may sometimes become so great towards the rear of the body that the concept of a
“thin” boundary layer is no longer tenable. Under these conditions any simplification
of the equations describing the flow in such a region would undoubtedly lead to
misleading results.

The complete equations describing the motion of a viscous fluid are extremely
complex and defy complete solution even for the steady flow of a constant-density
fluid. The Prandtl assumption goes a long way towards simplifying the analyses but
the resulting ‘boundary-layer equations® are still too complicated to allow a general
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Main stream Boundary layer

Streamline

(a) Body axis parallel to approach flow

Decreasing pressure
| [
Creasing pressure

Boundary-layer separation point

Separated flow

[b) Body axis inclined to approach flow
Fig. 5.5

solution. However, many particular sclutions do exist, especially for two-dimensional
flow. Approximate analyses use these accurate, but often impractical, solutions to
assist the formulation of more general methods of determining the main boundary-
layer characteristics. Of major importance is the estimation of the local shear stress
on a body in order to calculate the total skin-friction force. The component of this
force in the direction of the approach flow constitutes the skin-friction drag.

The boundary layer on an immersed vehicle consists, in general, of three identifi-
able regions. These are shown (not to scale) in Fig. 5.6(a) for a uniform flow
approaching a flat plate at a steady velocity U.. In the forward region the flow is
laminar, and viscous shear stresses alone resist fluid motion. With increasing thickness
downstream the boundary layer becomes unstable and the flow within it becomes
irregular and turbulence exists. Although the transition region can be identified as
that in which the behaviour of fluid particles is different from what might be found
elsewhere in the boundary layer, we can go little further with a precise description.
In most cases the unstable, randomly fluctuating, transition region extends over a
very small length of the body. Attention is drawn to these facts in Fig. 5.6(a).
Downstream from the transition region most of the flow in the boundary layer is
entirely turbulent and thickness increases further. However, turbulence must die
out adjacent to the surface, and so below the turbulent layer is an even thinner,
laminar sub-layer. The existence of the laminar sub-layer is hard to justify in the
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Fig. 5.6 Formation of a boundary layer: (a) principal characteristics; (b) typical variations of
tangential velocity u.

transition region (and even harder to detect exp lly!) and q ly
has been omitted from Fig. 5.6(a).

In a turbulent layer the conti changes t fluid particles
result in a velocity distribution more nearly uniform than in a laminar layer (Fig.
5.6(b)). However, the velocity gradient in the sub-layer is considerably greater than
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in a wholly laminar layer and therefore the shear stress at the solid boundary for a
turbulent layer is also greater.

Since the flow in the boundary layer is retarded by the action of shear stresses
the energy of the fluid is relatively low. When the pressure at the outer edge of the
boundary layer increases in the direction of flow in the main stream the kinetic
energy of the boundary-layer flow decreases rapidly. Eventually, this kinetic energy
is insufficient to overcome the retardation imposed by the ‘adverse’ pressure
gradient so that the boundary layer separates from the body. A large, slow-moving
eddy region develops downstream from the ‘separation point” (or rather ‘line’ for a
three-dimensional body) which supplements the flow in the wake as shown in Fig.
5.5(b). If separation of a laminar boundary layer occurs it is possible, in theory, to
identify a separation streamline which emanates from the separation point and
marks the division between the forward flow in the main stream and the reverse
eddy flow. However, the separation region is unsteady and causes the separation
point to oscillate back and forth. Further details on the general behaviour and
properties of boundary layers are given in [2] and more advanced topics are examined
in [3].

lFor the sake of defini we have di d the boundary-layer flow over a
fully immersed body, but it is often assumed that the preceding remarks apply
equally to vehicles which travel at the air—water interface.

The actual distribution of the local shear stress on the hull of a moving displace-
ment ship is exceedingly difficult to prechc! owing to the complexity of turbulent
boundary-layer theory applied to three-d ional bodies. An approxi method
of calculation is given in [4] and a comparison is made in [S] with experimental
data from both model and full-scale tests. Although the equations which attempt to
describe the boundary layer are difficult to solve (but the development of large-
capacity computers is easing that problem) it is the formulation of an adequately
general tubulent-flow model that presents the analyst with the major barrier to

TORIEss,

P The designer of a marine vehicle may be required to assess the extent of the
laminar and turbulent boundary layers and thus to predict the transition zone.On a
given vehicle these regions will depend on the turbulence intensity of the flow in
the main stream, the speed of the vehicle and the surface roughness of the vehicle.
While the laminar and turbulent régimes can be predicted with some accuracy the
transition flow cannot. Furthermore, models for test work are often so small that
the laminar and transition flows extend over a substantial part of the hull and most
of the appendages, whereas the major proportion of the prototype hull would be
covered by a turbulent boundary layer. Any extrapolation of the boundary-layer
parameters through the transition region to the turbulent flow is thus likely to be
suspect, In an attempt at a more accurate represeruanon of the prototype flow a
model is often equipped with timul: to ge the early onset
of transition. This is achieved by fixing a row of studs (and sometimes pins or trip
wires) close to the bow in order to precipitate an intense local disturbance, and
experimental results seem to confirm the usefulness of these devices in the predic-
tion of ship resistance.

542 Flow in the Main Stream

In the main stream the variation of tangential velocity zlong a normal to the body
is negligible and thus viscous (shear) stresses must also be negligible. Relative to the
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vehicle the local velocity in the main stream is usually far smaller than the local
sonic velocity so that the compressibility of the fluid can be ignored. (An exception
could be the local velocity relative to the tips of large propellersused on hovercraft.)
Thus we have no need to consider the local Mach number and we can assume that
the flow in the main stream approaches that of an inviscid, constant-density fluid.
The equations of motion for such a fluid may be linearized by the introduction of
a potential function (or velocity potential) and the consequent assumption of
irrotational flow in which no element of the moving fluid undergoes a net rotation
[2]. As a result, there has been extensive mathematical treatment of the problem,
especially for steady flow.

Suppose the flow were inviscid and steady throughout. The streamlines about a
stationary body of revolution, remote from solid boundaries and interfaces, might
then look like those shown in Fig. 5.7(a). The points labelled St are stagnation

Streamline

Inviscid
A flow

Effects
0 —— -
of viscosity

€, =P — P} A V2 at surface)

-1 -1

L]

Boundary layer

(]
Fig. 5.7
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points at which the body brings the fluid to rest. Provided that the geometry of the
body is known, techniques are available [6] for calculating the surface velocities
and the Bernoulli equation then yields the corresponding surface pressures. (The
“tailoring’ of shapes to represent practical hull forms, e.g. airships, torpedoes and
submarines is discussed in [7].) Thus, we can write

p-r-_ . fa)_

where p and q are the local pressure and velocity at any point on the surface of
the body and p.. is a reference static pressure well upstream from the body. The
dimensionless coefficient ¢p is referred to as the ‘pressure coefficient’, and it can
be seen that at a stagnation point, where g = 0, ¢, = 1 and the corresponding stag-
nation pressure pg is given by

Po =pa + 1oV, ¢2)

At other points on the body the values of ¢, might conform with the distribution
shown by the full line in Fig. 5.7(b). Resolution of the forces p6S., where 55 is a
small element of the (wetted) surface area, in the axial direction and subsequent
summation of these forces over the surface show that the resultant axial force arising
from differences of pressure is zero,

Now in viscous flow the boundary layer distorts the streamlines as shown in
Fig. 5.7 (c). The location of the stagnation point St,, closest to the leading edge of
the body, is little affected by the boundary layer, but the rear stagnation point St;
no longer exists owing to the presence of a wake. Provided that the boundary
layer can be considered thin, Prandtl's theory suggests that the pressure at the outer
edge of the layer is impressed on the surface of the body. In other words, inertia
forces within the boundary layer acting in a direction normal to the surface of the
body are negligible and thus the normal pressure gradient is considered to be
insignificant. However, a second limitation of the Prandt] hypothesis is the assump-
tion that the surface curvature of the body is small compared with the boundary-
layer thickness. This is often the case, but not if an adverse longitudinal pressure
gradient is sufficiently great to cause a rapid thickening, and thence separation, of
the boundary layer near to the leading edge where the radius of curvature Df lhe
body surface is small. We may well find that although the dist
over the body can be deduced for inviscid flow it is just at those locations where
boundary-layer theory breaks down that a substantial departure from the measured
distribution occurs. This is shown in Fig. 5.7 (b) where the broken line represents
the actual variation of ep. It is now clear from the modified distribution that the
pressure drag can no longer be zero. On the other hand, assuming that the flow field
still remains axisymmetric there will be no resultant force perpendicular to the axis
of the body.

Much of what has been said in the context of deeply immersed vehicles applies
also the mainstream flow about the submerged hull of a ship. It is reasonable to
expect that the pressure distribution over the hull depends largely on the flow in
the main stream and, in addition, pressure recovery is incomplete owing to the
formation of a wake at the stern. Unfortunately, a considerable complication now
arises from the presence and generation of gravity waves at the interface.

The steady mainstream flow (and also the boundary-layer flow) has a wave system
superimposed upon it. In practice, the two flows are treated separately under the
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assumption that they co-exist without mutual interaction. This is reasonably accurate
when the waves are small and we can then refer to a ‘flow pattern’ and a ‘wave
pattern’. Here small waves are considered to be those having a ratio of amplitudet
to wavelengtht of less than, say, one-fiftieth, The flow pattern may be thought of
as a half of the flow about a special craft so constructed that the wetted part of the
hull is reflected at the interface to form a double craft as shown in Fig. 5.8, The
double craft is then totally immersed in the flow to form the basis of a useful
technique for model testing in addition to offering a good opportunity for visualiza-
tion of the flow pattern [8].

Water

L —
X A F

Fig. 5.8 The double-hull model.

The fine forms of naval hulls generate a substantially irrotational flow pattern in
the main stream despite significant viscous effects in the boundary layer and the
wake, In fact, the presence of the boundary layer must induce some rotational
flow into the approaching irrotational flow in the main stream. Modern tanker
forms with high block coefficients+ and bluff bows have been found [9] to induce
twin counter-rotating vortices which extend from the forward bilges into the down-
stream flow. The vortices emanate from the boundary layer and are generated by
the viscous shear stresses there. The original vortices are thus wholly rotational, but
as they trail downstream only the core remains so the outer portion tends to
irrotational flow. Similar vortices are found at the tips of an aerofoil section wing
of finite span and in a mathematical model these are superimposed on the main
flow. An adequate description of the flow field is thus obtained except close to the
points of origin and near the cores of the vortices. The mainstream flow around the
hull may therefore be compared with flow close to the tip of a wing or around a
lifting body but with the added complication of interface distortion.

1 See Chapter 2 for definitions of these quantities.

+ That is, the ratio (i /(volume of a block whose length is the water-
Line length, breadth is the beam and depth is the draught). This ratio may be over 0.9 for a
tanker whereas a frigate or destroyer might have a value of about 0.6.
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5.4.3 Distortion of the Air—Water Interface; Waves

Surface waves are generated when a vehicle moves at or near the interface. (Generally,
wind-induced gravity waves are encountered but, at this stage, we shall refrain from
discussing any unsteady motion in a seaway.) The fluid forces acting on the hull of
a vehicle moving steadily in calm water are influenced by the generated wave system.
Nevertheless, it is reasonable to suppose that a theory based on the flow of an
inviscid, constant-density fluid describes the mainstream conditions remote from
the hull boundary layer. Indeed, it is conventional to suppose that the wave system
is produced by the hull plus its boundary layer as the vehicle moves through the
otherwise calm water.

Some analyses of the fluid motion combine the flow and wave patterns by
adopting a suitable choice of a single parameter, namely, the potential function ¢,
the flow being assumed irrotational. The problem has been examined in [10] and
we shall not elaborate on it further but simply point out the conditions which ¢
must satisfy. Assuming that ¢ is constructed for a distribution of sources and sinks
in a uniform flow, then:

(i) the boundary conditions must be satisfied for the free surface;

(ii) to satisfy the distinction between the flow pattern and the wave pattern the
mathematical form of ¢ requires an ‘image’ distribution of sources and sinks to
prevent flow across the interface plane of symmetry (Fig. 5.8), and the latter must
not violate this condition of no flow; and

(iii) unless some simple shape is to be used for the craft shown in Fig. 5.8, such
as an ellipsoid or Rankine body, an assembly of sources and sinks must be ‘tailored’
10 suit the hull form, which must itself be a stream surface.

The preceding mathematical technique is an extremely complicated application
of standard hydrodynamic theory and solutions have only recently become available
with the aid of large-capacity digital computers. Pressure distribution over the hull
can be found from the stipulated form of ¢ and thus the wave-making resistance
can be deduced.

Alternatively, to avoid this complication and yet retain a surprisingly accurate
physical picture of the wave pattern we might proceed as follows. Considering the
wave pattern only let us assume that:

(i) waves are initiated in the uniform flow by a disturbance at the bows of the
ship;

(ii) the approximately uniform beam of a conventional ship will prevent the
generation of waves as the water (assumed inviscid) slides past the hull; and

(iii) waves are initiated at abrupt changes of section — in particular at the start
of the run (at the after cut-upt) — but these waves will be the ‘opposite” of those
generated at the bows.

Thus, using the idea of a localized disturbance at the bows and another of opposite
sense near the stern, both superimposed on the steady uniform flow, it is possible
to predict strikingly realistic wave patterns.

In 1887, Lord Kelvin developed a theory [11] to describe the wave patterns

1 Usually abbreviated to ACU.
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behmd a moving pressure point at the mterfaee (or, alternatively, a stationary dis-
in a uniform flow). He published [12] lheﬁnlskeld'mf&wwave:ynem
for a point of small area, but arbnrary shape moving uniformly in a straight line.
This is shown in Fig. 5.9 and closely resembles the drawings of the wave pattern
emanating from the bows of long, largely parallel-sided, model ships given earlier by
William Froude [13]. Further work by Lord Kelvin appeared in 1904 [14] after
wh.u:h Lh: method of analysis was knnwn as ‘Kelvin’s method of stationary phase’.
, the ion of a math ical function is required which consists
of a ]’uglﬂy oscillatory, and largely self-cancelling, component and another com-
ponent that varies only slightly over the range of integration, that is, the stationary
phase. More details of the Kelvin wave pattern are given by Havelock [15] .

Crests of
rangverse waves

Crests of divergent waves
Fig. 5.9 Wave crests for surface pressure pulse moving in a straight line,

For the motion of a pressure point P in a straight line (see Fig, 5.9) let & be the
angle which defines the direction of the normal to a crest relative to the direction
of steady forward velocity ¥. The wave pattern will, of course, move with P, that
is, the pattern is stationary relative to P. It can be shown that two ranges of @ exist,
namely 8, and 84, given by

0<8,<35° corresponding to transverse waves;
35°< 84<90° corresponding to divergent waves.

The two sets of waves intersect at a cusp when § = 8, = 84 = 35° and the bounding
‘cusp line® makes an angle arcsin (1/3) = 19.47° with the direction of motion. At
the cusp line both wave crests add to form the highest waves of the system. The
theory has been reworked [16] to show that it can be extended to cover motion in
a circular path, and the results are indicated in Fig. 5.10.
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Crests of divergent
waves

Crests of transverse
waves

Curved
path

Fig. 5.10 Wave crests for surface pressure pulse moving along a curve.

We can assume for a ship that the bow and the stern act as a positive and negative

pressure point n:specuvely The resultmg cm'nbm:d wave pattern is somewhat like
that of Fig. 5.11, and p d in [16] firm that the actual wave

pattern is very similar to this. In pnctm. the transverse crests are observed most

.
prrtl
rrr ’r,-,/

,
f/y frf”' -
rrreLl ﬁ

A
27, &
l‘f/-ffr /$ ,.,ff' B
y rry, Aa N
SO 4
[ -~ A
2 A
2
ACre, ”~
A ’0‘,. -~
2 rra
rey A X
Y ~
/‘l‘,-r/\ M
el
~

Fig. 5.11 Wave system for a ship.
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readily close to the mid-section of a conventional ship or just aft of the stern for a
ship at high speed. The stern waves are often more difficult to identify owing to
the general disturbance produced by the wake. Furthermore, the divergent waves
are discernible some way from the hull where they take the form of an echelon.
This is because the height of the bined transverse—divergent crests d

less rapidly than the separate transverse waves bounded by the cusp lines.

5.5 Resistance (Drag) with No Lift or Side Force

As we are concerned here with the steady motion of marine vehicles at low speeds
the main supporting force arises from buoyancy. It is most unlikely that a deeply
submerged vehicle could be designed so that precise equality between weight and
buoyancy existed as there would undoubtedly be some redistribution of fluid
forces over the vehicle as soon as motion commenced. A small, net hydrodynamic
force, either upwards or downwards, would be generated which had, in general,
a moment about the centre of mass of the vehicle. By the adjustment of, say,
hydroplanes on a submarine it would be possible to approach a condition of zero,
net, vertical hydrodynamic force on the hull. Similarly, once motion of a surface
ship takes place the inevitable redistribution of pressure on the wetted hull modifies
the fluid forces there. Regions of low pressure develop in the vicinity of , for example,
a bluff bow or a square transom. In the first case a ‘bows-down’ attitude may result
whereas the second case produces a ‘sinkage by the stern’ and is typical of high-
speed craft when moving at low speeds. The wetted surface area changes, therefore,
and we cannot really regard the separation of lift force from buoyancy force as a
purely arbitrary matter.

Nevertheless, let us examine the forces on a vehicle with a fore-and-aft vertical
plane of symmetry in the absence of both vertical and sideways dynamic forces.
Weight and buoyancy force can be considered separately by means of hydrostatics.
The only fluid force remaining is the drag, or, since this is the only force, we can
use the conventional terminology ‘resistance’. In general, of course, the total drag
consists of a summation of forces associated with pressure and shear stress distribu-
tions over the wetted surface of the hull. Similarly, the total resistance can be
considered to comprise two components:

Total resistance Ay

l—l—l

Pressure resi Rpy Skin-fricti Re

If the vehicle is deeply submerged then, owing to the presence of shear stresses
at the surface of the body, a component of resistance arises from skin friction, that
is, RE. In addition, the presence of a boundary layer prevents pressure recovery as
shown in Figs. 5.7 (b) and (c), and so another component, the viscous pressure
resistancet, Rpy, also contributes to the total Ry and is the only component of

t In aerodynamics this component is usually called form drag. However, the word ‘form’ has
other (mainly geometric) connotations in naval architecture and we shall therefore refrain from
using it in the present context.
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pressure resistance. Hence

Ry=Rpy +RF=Ry (5.3)
where Ry is called the viscous resistance.
A vehicle moving at the air—water i raises | Li 1 analyt-

ical problems. To simplify the analysis it is necessary to make some crude assump-
tions about the behaviour of the flow. The main difficulty lies in the matter of
wave formation as a result of ship motion. Waves generated by the moving ship
significantly modify the hull pressure distribution compared with that which would
be obtained if the waves were absent. We might, therefore, usefully break down the
total resistance into components as follows:

Total resistance Ay

[
Pressure resistance Ap, Skin-friction

resistance Ag
o ,__J—‘
E g Wave-making Viscous pressure
$ § resistance Ay resistance Apy
= i

Viscous resistance Ry

Energy in wave pattern
well away from vehicle

Energy
components

T
Total energy loss

In this breakdown of resistance no interaction effects between the components
are assumed to occur and the wave energy is related directly to the wave-making
resistance experienced by the vehicle. Waves in a viscous fluid do not always have a
continuous profile but sometimes break near the peaks. When this happens some
energy is transferred from the wave pattern to the downstream viscous wake.
Observation of the flow round tankers with bluff bows has shown that wave breaking
occurs close to the bow. We would therefore expect a significant modification of
the flow pattern near to the surface of the ship which would in tumn affect the
viscous resistance. This interaction should not be considered a direct source of
resistance, however, becauseinteractionbetween the wave formationand the boundary-
layer growth occurs whether wave breaking is present or not. The energy of a wave
system can be detected at large distances from the vehicle causing the disturbance.
Eventually, the energy in the wake is finally dissipated by large-scale turbulence
into thermal energy.
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From the preceding component form of the total resistance we can write, for the
interface vehicle,

Ry =Ry +Rpy +Rp. (54)
This method of apportioning components of the total resistance is by no means
rigorous nor is it adopted universally. Certainly the separation of Rt into numerous

components independently identified can lead to additional difficulties of assess-
ment. Some analysts do not, therefore, split Rp; into separate contributions.

5.6 Fluid Forces from Momentum Considerations
5.6.1 Resistance of a Deeply Submerged Vehicle

The resistance to motion of a marine vehicle may be deduced by applying the steady-
flow momentum equation to the fluid passing through a specified control volume
of which the vehicle is an mtcgu] part. We shall assume that the fluid which flows
past a deeply submerged, fixed, i axisy ic vehicle is h

and possesses uniform properties. The upstream flow approaches the body at a
uniform, steady velacity V relative to the body in a direction parallel to its axis
of symmetry as shown in Fig. 5.12. Fixed in the body are rectangular coordinate
axes Oxyz centredat O on the axis of symmetry with Ox positive in the direction of
¥V, Oy positive to port and Oz positive downwards. We shall concentrate on the
fluid passing through a control volume whose outer surface, entirely within the
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fluid, forms a rectangular parallelepiped surrounding the vehicle. The vehicle itself
forms the inner surface of the control volume. End planes 1 and 2 of the outer
surface are, respectively, well upstream and well downstream from the body and
each is parallel to the Oyz plane. The side planes and the top and bottom planes are
located in the main stream far from the body and so shear stresses and flow distur-
bances on these planes are negligible. These four planes are parallel to ¥ and the
local velocities on them are ¥, v and w in the Ox, Oy and Oz planes respectively. At
end plane 2 the local velocity components are u, v and w relative to the body with
u in the Ox direction. The velocity ¥ is constant over the whole of end plane 1, the
side planes and the top and bottom planes. However, the velocities u, v and w may
vary over any given plane and from one plane to another. We shall use the symbol
A to denote area generally and is here referred to any of the planes associated with
the control volume.

No mass of fluid is assumed to accumulate inside the control volume and so
continuity requires that

[pVM + fpwdA + (ﬁvd.‘i = “pudA + [awdA +.’-NM'

cendl ~rtop ~side 1 “end2 *bottom *side2
that is,
‘[pwdA +'[|a|’dA —jpwd.‘l —Jpl!dA =Jp(V —u)dA (5.5)
bottom ~side 2 top side 1 end 2

since V is constant over the upstream 2nd plane 1 and an element of area 84 of a
plane tends to dA4 in the limit 64 - 0.

Suppose now that all body forces (magnetic, electric, gravitational, etc.) are
absent and that end plane 2 is sufficiently far from the body to ensure that the
pressure p, is constant over the plane and equal to the pressure p; over end plane 1.
At a given depth z, along Oz, the hydrostatic forces on the end planes are of course
equal and opposite. The only force exerted by the control volume is that arising
directly from contact between the body and the viscous fluid. This force is Rt in
the Ox direction and is the total resistance of the vehicle. Using Newton's Second
Law of Motion we can equate the force exerted by the fluid on the vehicle to the
decrease of momentum flux along Ox within the control volume. Thus,

Ry = ( fp vidAd +J}deA + [vadA) = Upulu +|pwida +J],»Vd4)
“end 1 top ~side 1 end 2 top side 1

= (p( Vw4 - v ( ‘pwdA +‘p|'dA - f‘pwdA —]’pvdd )
“end 2 “bottom vside2 top « side 1

since F is constant. By virtue of Equation (5.5) we can write, for constant p,
Ry =p|(#? —utyia —pV[(V—lt)dA
~end 2 “end 2

which reduces to

Rr=p[{V—u)miA. (5.6)
~end 2
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The flow through end plane 2 may be divided into a viscous region containing
the wake trailing downstream from the body and the main stream where viscous
effects are negligible. In the main stream Bernoulli’s equation applies to any stream-
line between end planes 1 and 2; (remember that our earlier assumptions satisfy the
necessary conditions to make the application valid). Because we have taken py = p,
the velocity of the fluid in the main stream at end plane 2 must be V. Thus, outside
the wake ¥ — u = 0 and inside the wake u < V. Hence,

Ry =p|(V = uudA. 5.7
wake
Equation (5.7) implies that the results obtained by traversing a pitot-static
tube across the far wake should yield values of u from which R could be calculated.
However, the flow in the wake is unsteady and this raises problems in the interpre-
tation of measurements. In practice we cannot extend the planes forming the con-
trol volume too far. Even in the absence of the confining walls of a towing tank or
wind tunnel, etc., it is not usually possible to obtain data from traverses far enough
downstream for the pressure in the fluid to have returned to a constant value. Con-
sequently, wake traverses must be made in a plane normal to ¥ at some location
nearer to the stern of the body than plane 2, say at plane 3.
Let us assume that the flow between plane 3 and the far downstream plane 2
acts as though it were steady and inviscid. Using the subscript 2 and 3 to indicate
conditions at planes 2 and 3 respectively we may write, from continuity,

ubA; =u3bA4;

for constant-density flow. Under our specified conditions Bernoulli’s equation may
be applied between planes 2 and 3 so that, neglecting changes of elevation,

Pz +4pud =ps + bou

for a given streamline.
The stagnation, or total, pressure at plane 3 is defined as

Pu=p3 +4pul

and so

doul = Py —p2) — (3 - p2)
to give finally

¥ _pu-py P3P,

¥ pppt tol? »
where

is the local pressure coefficient (compare Equation (5.1)). From the definition of
t we see that, at plane 2,

t=u}/V?.
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Thus, the wholly viscous, total resistance of the deeply submerged body is now

Re=p [0 —uraths =5 [ —uskusts,
wake at plane 2 wake at plane 3

With the appropriate substitutions we then find that

Ry =pV?| (1 = #X1 - cptad, (5.72)

wake at plane 3

which may be evaluated from a traverse recording stagnation and static pressures.

Another problem arises when the body is a model enclosed in the test section
of a wind or water tunnel of constant cross section. Should this be the case then
shear stresses will act at the boundaries of the control volume owing to the boundary
layer there. The streamline pattern about the body will be altered significantly by
the plane walls of the tunnel which are themselves streamline surfaces. Finally,
since the velocities of fluid particles in the wake are less than those in the main
stream continuity across the end planes of the constant-area test section demands
that the velocity in the main stream at end plane 2 must exceed V. Hence p2 <p\
and an additional force, arising from this difference of pressure, will act in the Ox
direction. Assuming that p; and p; are uniform over end planes 1 and 2 respectively,
and that the area of each plane is 4, then

A
Ry=(p —pg)d"‘pj (V — uudA. (5.8)

Some of these problems may be overcome if the cross sectional area of the test
section can be changed. However, this facility is difficult to construct and operate
reliably, and it is generally more rewarding to use the numerous correction factors
available to deduce the actual resistance R from the pitot results. Alternatively,
the resistance can be measured directly on a mechanical balance or some variant of
it. Obviously, for inviscid flow there is no wake and p; = p;, showing therefore that
Ry =0, as we should expect.

Equations (5.7), (5.7a) and (5.8) apply equally to vehicles moving in any fluid
provided that the effects of compressibility can be neglected. This theory forms the
basis of an indirect method of measuring the drag experienced by wings, aerofoils,
hydrofoils, struts, fuselages and so on,

5.6.2 Resistance of a Ship at the Interface

The procedure used for the fully submerged vehicle can be applied to an interface
vehicle, but the presence of the interface calls into play additional boundary con-
ditions, Let us consider a vehicle which, for the sake of definiteness, can be a ship
held stationary at the air—water interface by an external force equal to Rt but in
the opposite direction, The approach flow is a liquid of constant properties moving
at a uniform velocity ¥ relative to the ship, as shown in Fig. 5.13,

Rectangular coordinate axes Oxyz are fixed in the ship with Ox in the fore-and-
aft vertical plane of symmetry which is parallel to the direction of V. Distances x,
»,zare measured respectively along Ox, Oy and Oz. The surface of the fixed control
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Free surface (air-water

S / interface)

End 2

Side 7
Fig. 5.13

Bottom

volume surrounding the ship is made up as follows:

(i) End planes 1 and 2 well upstream and well downstream from the ship respec-
tively. These planes are both perpendicular to Ox.

(ii) Side planes 1 (starboard) and 2 (port) which are vertical and parallel to the
Oxz plane. Each side plane is at a distance b from Ox.

(iii) The air—water interface (usually referred to as the ‘free’ surface) forms the
top surface along with the wetted hull of the ship. When the flow is undisturbed
by the presence of the ship the free surface coincides with the Oxy plane

(iv) The bottom plane is parallel to the Oxy plane and at a depth h measured

along Oz.
Any local disturbance of the flow arising from the presence of the bedy is taken to
be small on both side planes and the bottom plane; the local velocities on these
planes then have components, ¥, v, w parallel to Ox, Oy, Oz respectively. Shear
stresses are also assumed to be absent on these planes.

On end plane 1 the only velocity is ¥ and this is constant. At end plane 2 the
free surface is distorted owing to wave generation, and the vertical displacement of
the surface is described by z = { = function () at a given x. The depth of the bottom
plane at end plane 2 is therefore it — { below the free surface. The local velocity
components relative to the ship on end plane 2 are u, v, w parallel to Ox, Oy, Oz
respectively. These velocities are considered steady but are functions of y and z;
only V is steady and constant. No flow crosses the top surface of the control

volume and therefore the ity req) can be expressed as
+b h +b[h
Eﬁvdt' 2 gpwdA vgpvcbl =‘ [ pudzdy —ﬁ S p¥dzdy (59)
Jside 1 cbottom  Jside2 < —bY s =bJg
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where again dA represents the limit of an element of plane area 64.
In the Ox direction the decrease of momentum flux of the liquid passing through
the control volume is given by

. +b [k f+b TR

V( wMu[pr—!wM)+§ l p¥2dzdy 75 S aldzdy
+side | Jbottom Jside 2 -bdo —ba ¥

since V is constant. This expression, after substitution from Equation (5.9), reduces

to

PI:S:(V—u)udzd}L (5.10)

Note the similarity between expression (5.10) and the right-hand side of Equation
(5.6). However, since { is not everywhere zero at end plane 2 and no flow takes
place across the interface we cannot now put ¥ = u outside the wake. The integra-
tion in (5.10) must therefore be carried out over the whole area of end plane 2.

Now the fluid force exerted on the vehicle by the fluid, given by expression
(5.10), represents only a part of the total force on the vehicle. Additional steady
forces, having components inclined to the Oxy plane, may occur on the top surface
of the control volume owing to the ambient pressure over the distorted region
downstream from the vehicle. The projected area of the distortion in the Opz plane
is equal to

+b
j_ Sdy
at end plane 2. A ing uniform atmospheri Pa over the interface, the
net force exerted by the wp plane on the atmosphcm in the Ox direction is
+b
Pas {dy.
-b

The pressure distribution on the end planes also gives rise to forces on the control
volume in the Ox direction. The resultant ‘pressure’ force exerted by the end planes
on the fluid ourside the control volume in the Ox direction is

"!izs P;dzdy—! ‘ pydzdy

where py and py are the local pressures on end planes 1 and 2 respectively. It
cannot be assumed that p, and p; are equal and constants as they were for the fully
submerged vehicle because the free surface is distorted and there is no flow acrossit.

We now apply Newton's Second Law of Motion in the Ox direction to the fluid
passing through the control volume. Thus, the total force exerted by the fluid on
its surroundings must equal the decrease of momentum flux of the fluid and so for
the Ox direction

i ‘\ dznlv—s \pld.dy+p_,s‘ tdy = pE |(V uudzdy.
Rtk & .11
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The terms in Equation (5.11) which involve pressure can be related to each other
by the use of the steady-flow energy equation [2]. Shaft work and heat transfer (to
or from the surroundings) are absent from our problem, so that for flow in a stream
filament connecting the end planes we can write, noting that z is measured down-
wards from the undisturbed free surface,

v Pz, 1.2, 2
ez, === —(u* +v* + - -0+ .
wiETh H o 2‘!( W= - te (5.12)
where H is the total energy of the fluid per unit weight and e represents the loss of
energy per unit weightt between the end planes. At the interface p; =pgand z; =0,
therefore,

B g (5.13)
[ 4

because ¥ is constant over the upstream end plane, Substitution for p; and p2

from Equation (5.12) into Equation (5.11) and rearrangement of the limits of

integration leads to the expression

Rr= pr:_\':(vf uudzdy + pgH j:tdy - ipV’E:E:dzdy

+b *h +b
+ {p! s (@ +v? +wh)dzdy +§,agg tdy
=bJt -b
+b & +b
! edzdy —p,‘ tdy. (5.14)
t b

+PS\
J-b.

The first, third and fourth terms on the right-hand side of Equation (5.14) can now
be written as

+b [h [+
R e R L e S
ot J-p

With the aid of this expression and Equation (5.13) the resistance equation (5.14)
is seen to be

bR s
RT={w§ S P? +w? —ﬁm}drdyﬂng] ”K’dy
—bJE -

+b("h
+pgs Sedzdy (5.15)
—bdt

where ugps = (u — F) is the absolute velocity component of the fluid along Ox at
end plane 2 which would be seen by an observer moving with the stream at a velocity
V.

The first double integral on the right-hand side of Equation (5.15) represents the
contribution to resistance arising from local changes in the kinetic energy and
momentum of the fluid. These changes result from orbital velocities associated with

1 Grouped in e are the increase of internal energy per unit weight and the unrecovered energy
per unit weight ‘lost’ to friction.
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wave formation and shear stresses in the viscous wake. (In a seaway formed by wind-
induced waves orbital velocities already exist, as we saw in Chapter 2, and we are
thus more properly concerned with changes of orbital velocity.) The second integral
on the right-hand side of Equation (5.15) rep the change of p ial energy
as a result of wave formation, and the final double integral represents the change
of internal energy due to friction. It is sometimes assumed that the wave-making
resistance Ry is given by the sum of the first two terms on the right-hand side of
Equation (5.15) and that the viscous resistance Ry is given by the final term.
Interaction between these two sources invalidates the generality of such a break-
down, although an acceptable accuracy may well be obtained when Ry » Ry, that
is, when the downstream velocities of fluid particles resulting from wave forma-
tion greatly exceed those induced by friction forces. Nevertheless, if we consider
again the motion of a deeply submerged vehicle for which free-surface effects are
negligible, the development of Equation (5.8) leads to Equation (5.15) but with the
second integral on the right-hand side omitted. Thus for the deeply submerged
vehicle e

Ry= !pr( v +w? —ufp,)dA +mredA, (5.16)

and clearly the first integral here plays a part in the now wholly viscous resistance
as it does in the assessment of wave resistance for surface ships.

57 i of Deeply Submerged Vehicles
The total resistance to the steady motion of a deeply submerged vehicle is given by
Rr=Rpyv +Rr =Ry, (53)
the viscous resistance. A dimensionless total resistance coefficient can be defi
Rt
Cr= 17
T oviA (5.17a)

where pV? is the dynamic pressure of the flow in the approaching main stream
and A is a characteristic area of the body. Thus, in dimensionless terms, Equation
(5.3) becomes

Cr=Cpy +Cr (5.18)
where the viscous pressure resistance coefficient is given by

RPV
Cy - —
PV fovia (5.17b)
and the skin-friction resistance coefficient is given by
Rg
Cp= ’
F Tovia (5.17¢)

It is useful at this stage to associate the relative magnitudes of the resistance
components in Equation (5.18) with the shape of the body. We regard a ‘bluff”
body as one for which Cpy > Cf since then boundary-layer separation produces a
large wake. A sphere, cylinder or disc set across the main flow are examples of bluff
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bodies. On the other hand, a streamlined body is so shaped that it does not ex-
perience large, adverse pressure gradients. The boundary layer thickens slowly and
s0 separation occurs towards the rear of the body or may even be avoided. The
wake is small and skin friction now predominates so that we may anticipate a con-
siderable decrease in Cy. To emphasize the benefit of streamlining a body it is
worth noting that for a given Reynolds number the resistance per unit span of a
smooth cylinder with the cross section of a low-speed aerofoil may be no more
than that of a smooth circular-section cylinder having a diameter of 0.005 of the
length between the front and rear points of the aerofoil t

When systems to be compared are dynamically similar to each other the corre-
sponding coefficients in Equation (5.18) are equal. Since geometric similarity then
prevails, the area A can be related to any component of the vehicle, for example,
the area of the fin, rudder, sonar dome, etc. However, it is rather more logical
to take A as the wetted surface area of the hull Sw, or the square of the lengl.h
overall, because it is the hull that is principall ible for Ry. Di i
analysis suggests that all the resistance coefficients in Equahon (5.18) are functions
only of Reynolds number when the effects of compressibility, surface tension and
cavitation are neglected. Experiments have confirmed this dependence for both
laminar and turbulent flows in the boundary layer. It was pointed out in Section
4,54 that difficulty is experienced in obtaining equality of Reynolds numbers
between the bare hulls of a model and prototype of a deeply submerged vehicle.
However, provided the model speed is not too low and turbulence stimulators are
used in the bow region satisfactory results may be obtained. This is not so when
model appendages are considered because these have small dimensions compared
with the hull and yet experience the same forward velocity. The corresponding
Reynolds number, based on the fore-and-aft length of the appendage (e.g. the
chord length of an aerofoil if the appendage has that cross section), may be lower
than the critical value so that the boundary-layer flow could be substantially
laminar compared with predominantly turbulent flow on the prototype appendage.
It is, therefore, difficult to ensure that the flow patterns about the model and
prototype appendages are similar. In a practical analysis, attention is given first
to the assessment of Cy for the bare hull to which is added the total appendage
resistance estimated separately. But this procedure ignores the interaction between
the flows about the appendages and the hull.

Instead of a bare hull of the model suppose we consider a deeply submerged,
thin, smooth, rectangular flat plank of the same length and wetted area which is
towed at a constant speed through still water in a direction parallel to its length.
Further, let us assume (i) that wave resistance is negligible and (ii) that Cpy =0
since the cross sectional area of the plank is exceedingly small. The resistance to
motion arises entirely from skin friction, and comprehensive tabulated data for
the resistance of planks such as this are readily available.

Using the subscripts M and P for the model and the prototype respectively, we
might now reason as follows, First, assume that (Cr)y is given by the plank resis-
tance corresponding to the model Reynolds number (Re)y. Next, measure (Cr)m
by one of the various methods discussed in Section 4.6, Now (Cpy Ju can be found

+ This length is associated with the chord length of an aerofoil and is defined more precisely in
Chapter 6.
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from Equation (5.18), that is
(CpvIm = (Crdm — (CFlm - (5.19)

The model results must now be related to those of the prototype. As we have seen,
dynamic similarity cannot be achieved between the model and prototype owing to
the geometric scale that must be used. The range of (Re)y is thus substantially
lower than the range of (Re)p at practical operating speeds. As a rough guide the
range of (Re)y is about 6 x 10°—8 x 10® whereas (Re)p can be as high as 2 x 10°.

Nevertheless, let us continue by assuming that (Cpy )}y for the model range of
Re is constant and that it remains unchanged in the range of Re for the prototype.
There is certainly experimental evidence to support this contention, at least over
the range of (Re)y shown in Fig. 5.14t. The total resistance coefficient for the
prototype now follows from

(Cr)p = (Cov)m +(Crlp (5.20)
where (Cr)p is obtained from plank data for the value of (Re)p.

Model in laminar

flow
X o

T
—l Model in fully turbulent flow
S o
=
H (437
K]
8
8
8
g
g ar- {Coy
[
=
-
(Ce b
Flat plank
L L
10% 108 107

Reynolds number (Rely
Fig. 5.14 Typical resistance coefficients for a deeply submerged model hull.

The total resistance of a model is often measured by transducers carried below
the interface and mounted between the model and its support so as to minimize
the effects from wave making by the travelling supports. Use is made also of ‘idle
runs’ in which the model is left off its supports. Care must be taken to account for,

t The shape of the Cg curve for the smooth, thin, flat plank is what we would expect from tur-
bulent boundary-layer theory. That is, Cp = (Re)~1/5, where Re is based on the length of
the plank and use is made of the empirical one-seventh power variation of velocity with distance
through the boundary layer measured from the solid surface.
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or eliminate, the interference of the flow by the proximity of the walls and the
bottom of the various types of water tank used for the tests. Although this procedure
may form the basis of a practical analysis of the resistance of submarines we must
now look critically at the assumptions involved. The plank data that have been
formulated in the past were obtained on nominally smooth planks. Any significant
surface roughness was removed by applying a varnished coating to the surface.
Unlike flow in pipes, there is no question of a fully developed flow for flat planks;
the boundary layer continues to grow with distance from the leading edge. Thusa
particular roughness height and distribution will have a profound influence on the
boundary-layer flow near to the leading edge of the plank, but the effects decrease
downstream as the thickness of the boundary layer increases. Consequently, the
skin-friction resistance coefficient of a rough plank will depend on its length as well
as the geometry of the roughness. Furthermore, we have indicated already the
immense difficulty of modelling roughness even though it is known that roughness
plays an important part, especially near the leading edge, in the determination of
skin-friction resistance for streamlined vehicles. Even if it were possible to provide
geometric similarity of rough the question arises as to which model-roughness
Reynolds number to adopt: that corresponding to (Re)y or to (Re)p, since equality
of Reynolds number cannot usually be achieved. The most reliable data for CF are
therefore obtained from smooth bodies — in this case planks — and some correlation
factor is thus required to transfer these data to model and prototype hulls,

A second, and important, difference between flat planks and submarine hulls
concerns the surface shape. It is clear that the lengths of streamlines about a curved
surface between two fixed points on the axis of symmetry are greater than those
between the same two points on a flat plank of the same length. For a given approach
velocity the average velocity of a fluid particle close to a curved surface must there-
fore be larger than that of a particle flowing past the equivalent plank. For the flow
of a viscous fluid these remarks apply equally to the flow in the main stream
outside the boundary layer. Since particles in contact with the submarine are at rest,
this must mean that the local rate of change of tangential velocity with respect to
distance normal to the surface of the submarine must be greater than that for the
plank. Consequently, the corresponding mean shear stress at the surface of the sub-
marine exceeds that for the plank. The surface areas of the plank and the corres-
ponding submarine are equal, so that Cr for the model is somewhat larger than
Cr for the plank (theory suggests, however, that this difference may not be exces-
sive). Equation (5.19) shows that the ‘curvature’ effect and separation resistance,
should separation occur, are included in (Cpy ).

The problem of ing the resist of dages has been raised already.
Although tests on a bare hull remove the diff cu[iy of low Reynolds-number flows
about the hydroplanes, fin and rudder on the model we must again adopt a correla-
tion factor to take account of the interference effects.

As a result of these difficulties a correlation allowance Cl, is defined as

(Cr)e (Cr)p
Cp =| fromfun. | —§ from Equation | (5:21)
acile testy (5.20)

Here C will include the effects of differences in roughness. curvature and corner
interaction. Experience has shown that a range of values of Cy, applicable to dif-
ferent types of vehicle, can be adopted with some measure of confidence, Neverthe-
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less, should an unusval form of vehicle be required the appropriate value of Ca
could be far removed from known values for other vehicles. Values of Cy for sub-
marines might be as great as 1.2 x 10~ 2 as a result of the large number of excre-
scences and protuberances on the full-scale hull which are not simulated in the
model tests. The significance of Ca in this case can now be appreciated since a
typical value of (Cr)p calculated from Equation (5.20) may be 2.5 x 10”3,

So far we have discussed a method of predicting the resistance of a new prototype
submarine. The surface roughness arising from the painted hull, say, can be predicted
(and measured) with considerable accuracy. However, in service Ct will increase
as a result of both fouling and corrosion. Fouling is caused by animal and vegetable
growth, and these can be controlled effectively by anti-fouling paints containing
some toxic material, Corrosion can occur if the paint coating is broken and, further-
more, the subsequent erosion of the hull serves to increase roughness and thus
resistance. These points will be considered again later in the context of surface ships.

5.7.1 Benefits ofa d Sub

Two geometric parameters are required to specify the extent to which a submarine
is streamlined: the elongation of the hull may be described by the slenderness ratio
defined as Loy/dmax, where Loy is the overall length of the bare hull and dmay is
the corresponding maximum diameter, or the equivalent diameter of a non-circular
cross section; and the prismatic coefficient defined as V /LoyAmax, Where V is the
immersed volume of the hull and Ap,x is the corresponding maximum cross
sectional area, which indicates the departure of the hull from a uniform prism of
volume L‘E"A"'"" If the submarine has circular frames the prismatic coefficient is
4V[nLovd” max. The effects of these pal on the resistance comp of
several submarine designs led eventually to the present form for the nuclear-powered

boats.

The USS Nautilus was designed in 1948 to test a pressurized nuclear power plant
at sea with good performance at the air—water interface as a primary consideration.
The hull configuration was, therefore, not unlike those of earlier designs, as shown
in Fig. 5.15. On the other hand, USS Albacore was developed simultaneously, but
separately, to demonstrate the improvement in submerged performance obtained
by using a single, large, efficient screw and a body-of-revolution hull form. The
shape of the hull was that of an elongated tear drop (Fig. 5.16) and little account
was taken of the performance at the interface. This is a reasonable approach for
nuclear submarines which operate deeply submerged over long periods and often at
high speeds.

Figure 5.17 shows the resistance of deeply submerged, steadily moving sub-
marines, each with a volume displacement of about 2800 m? (= 10° ft*) deduced
from model tests on bare hulls [17]. The appendages were not considered for this
comparative analysis, As the slenderness ratio increases for a body of revolution,

I -
= —— )

Fig. 5.15 Schematic of USS Nawtilus.
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Fig. 5.16 Schematic of USS Albacore.

of constant immersed volume, the surface area also increases and therefore the skin-
friction resistance increases. In contrast, the adverse pressure gradient over the rear
of the body decreases, as does the size of the wake, and the viscous pressure resistance
also becomes smaller. Alternatively, a reduction in the slenderness ratio increases
both the size of the wake and the viscous pressure resistance. Between these two
extremes is a minimum value of total resistance which occurs when the slenderness
ratio is about 6. Point 1 on Fig. 5.17 corresponds to the Albacore. The geometry of
this boat is seen to be near the optimum, which accounts for its success when
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Key: 1. Albacore
2. Barbel
3. Skipjack
4. Nautilus

Fig. 5.17 The benefits of streamlining.
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operating fully submerged. USS Nautilus, shown in point 4, is badly designed from
the point of view of submerged performance owing to the large contribution of Rpy.
Subsequently, the best features of both these submarine hulls were incorporated
into USS Barbel and USS Skipjack whose relative positions are also shown in
Fig. 5.17.

The major component of bare-hull resistance arises from skin friction and this is
significantly affected by surface roughness. (In Fig. 5.17 an arbitrary allowance for
toughness was made.) Apart from roughness, the effect of appendages on the total
resistance of the boat is to increase Cpy because Cp for the appendages is small.
Although much effort is made to keep the appendage resistance low it often affects
Cr for a submarine more than major changes in hull design. For example, the
bridge fin may account for 15—30 per cent of the bare-hull resistance, while the
additional contribution from hydroplanes, rudder, shaft, struts, etc. may raise the
proportion to 50 or 60 per cent.

Proposals for constructing commercial submarines have been much discussed
from time to time [18]. The chief advantages of such vessels would be elimination
of wave resistance and the independence from weather conditions. For a given
volume displacement the submarine has a greater wetted surface area than a surface
ship and therefore a larger value of Ry for a given speed. Only when high cruising
speeds are contemplated, say above 12 ms~! (= 24 knots), is this hydrodynamic
disadvantage overcome to yield a value of Ry for the submarine smaller than that
for the ship. However, problems of construction, docking and operation, and the
public’s probable aversion to underwater travel over long distances, are the most
likely reasons preventing the adoption of very large (super) submarines.

5.8 Resistance of Interface Vehicles

The following discussion will be confined to the low-speed steady motion of ships
at the air—water interface which is disturbed only by the passage of the ship. As
with submarines it is unlikely that an accurate calculation or measurement could be
achieved of both the pressure distribution over the wetted hull and the aerodynamic
pressure distribution on the above-water profile (including the superstructure).
Instead, use is made of overall measures and estimates of the contributions to the
total resistance in a way similar to that for the deeply submerged vehicle examined
earlier. Separate attention is given to the aerodynamic and the hydrodynamic con-
tributions to the overall resistance of the complete ship, although the hydrodynamic
forces are generally the most important. (Some exceptions to this might be ships
with propulsion failures adrift in gales or trawlers with heavy icing on the super-
structure.)

As a starting point Equation (5.4) is adopted as a reasonable, if not necessarily
the best, way of representing the components of resistance, that is,

Rr =Ry +Rpy +Rr. (54)

Dimensionless coefficients of resistance can_be formed by dividing this equation
throughout by $p¥25., 4p¥2L{ L or 4p¥?¥2/? according to convenience. Here
the water-line length is Ly, that is the length of the intersection of the vertical
middle plane of the ship and the water plane, and ¥ is the volume displacement.
These quantities are taken at a specified condition of ship loading and in calm water.
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The preceding equation now becomes
Cr=Cw+Cpy +Cp. (5.22)

The nature of these components will now be examined.

5.8.1 Components of Resistance

Suppose that a model of the prototype ship is towed along the water surface of a
tank and that the total resistance to motion is measured at different, but constant,
forward speeds. Values of Cy can be calculated and the dependence of this coefficient
on ¥ for a series of geometrically similar models will be of the type (a) shown in
Fig. 5.18. If a deeply submerged, double-hull model, discussed earlier, is now towed
through the water the variation with ¥ of half of the ‘double-model’ resistance takes
the form depicted by curve (b) in Fig, 5.18, This latter curve is similar to the Cr
curve for, say, a model submarine (as shown in Fig. 5.14) for which Ct = Cpy +Cg.
However, the Ct curve for the ship is quite different from that of the submerged
vehicle. It is reasonable to assume that for a given ¥ the difference between curves
(a) and (b), that is AT — BC = AB in Fig. 5.14, accounts for the coefficient of wave-
making resistance Cy.

{a) Surface model
Cr
A
(b) Double-hull
B model
0 L= .
Fig. 5.18

Historically, the first logical approach to assessing ship resistance was that put
forward by William Froude [19]. It was he who first realized the essential difference
between the roles played by friction and wave making and the significance of this dif-
ference in trying to project data from model tests to the full-scale ship [20] . Froude's
observations [13] led him to conclude that similarity of the wave patterns about
geometrically similar models occurred when the ratio ¥/A/(Lwy) was the same for
each model. He then proposed a ‘residuary” resistance RR, which was given by the
total resistance minus the friction resistance and considered to be a function of
VI\/(Lw) only. In algebraic terms

Rp =Rt —Rp=Rpy + Ry,
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or, in coefficient form
Cr=C1 —Cr=Cpy +Cy (5.23)

where Cg is assumed to be a function of ¥/v/(Lwy) (which is, of course, propor-
tional to Froude number Fr). The values of R, and hence Cr, were assumed to
correspond to those deduced from data on planks towed fully submerged through
a tank of water. It was also found that Cr depended on the product FLwy. The
viscosity and density of water were taken to be constant, despite known temperature
changes, so that Cr became a function of Reynolds number Re.(We must remember
here that William Froude developed his ideas before the advent of dimensional
analysis.) The difference between the criteria for Cg and Cr is often known as the
“ship-model tester’s dilemma! Froude overcame this difficulty by testing the model
au the prototype value of ¥/5/(Lwy) and then making the bold assertion that Cg
was the same for the model and the prototype. For ships of fairly fine form, as
considered by Froude, we can therefore assume Cy to be a function of Fr only,
and since Cpy is then small this means that Cg is a function of Fr only. Note,
however, that this assumption is far less likely to be true for bluff ships such as
tankers and container ships which have high block coefficients.

Let us consider a ship moving forward at a steady velocity ¥ and suppose we
can identify (ideally) a bow- and a stern-wave pattern of the Kelvin type. Relative
to the ship, both the tranverse and divergent sine-wave patterns are stationary and
so the velocity of propagation of the transverse waves must also be V. The wave-
length, A, of the transverse wave system is equal to that of free-surface progressive
waves also with a velocity of propagation ¥. Hence, from Equation (2.2)

A=V g. (5.24)

Owing, no doubt, to the effects of viscosity it is found that those waves in the
immediate vicinity of a ship are somewhat shorter than the wavelength deduced
from Equation (5.24). If a line normal to the crest of a divergent wave makes an
angle @ with the direction of motion of the ship, the wave velocity in that direc-
tion is ¥cos#l and the corresponding wavelength is given by
2
A'leg'i cos’8. (5.25)

Equations (5.24) and (5.25) indicate that as ¥ increases the wavelength increases
and, for a given shape of hull, so will the wave amplitude. A concomitant increase
in wave energy therefore results in an increase of the wave-making resistance of ships.

The curve describing the variation of Gy with Fr for a given homologous series
of hull shapes is not monotonic but consists of a number of humps and hollows.
Wigley [21] determined the variation of Cy by considering it to be the sum of two
separate components identified by the transverse and divergent wave systems. The
result for a hull shape defined algebraically and for the wave system depicted in
Fig. 5.19 is shown in Fig. 5.20. The behaviour of Cw can be explained, at least
partially, in the following manner.

Divergent waves from the bow and the stern regions will interfere only weakly
with each other, but the transverse waves can show strong interference. Thus, if
the bow and stern transverse waves are in phase mutual reinforcement occurs at
the stern and large waves are formed there. As a crest is formed first at the bow and
a trough is formed at the stern reinforcement will occur for the typical example
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Fig. 5.19

shown in Fig. 5.21(a). (It has been observed that the first crest of the bow-wave
system develops not exactly at the bow but at a distance of about A/4 aft of the
bow.) On the other hand, as shown by the example in Fig. 5.21(b), considerable
cancellation takes place when the two wave systems are in anti-phase. There is not,
of course, a complete absence of waves in this instance since the amplitudes of the
bow and stern waves are unequal.
Reinforcement takes place when Lwy — A/4 is an odd number of half wave-
lengths. Hence
A A
Lwy -:=(2n - I)E
that is,

(5.26)

Linear scale for
wave-making resistance coefficient, Cw

Froude number, Fr
Fig. 5.20 C« of king resi coefficient Cw. —, total Cw; ———, Cw

from transverse waves; —-—-, Cy from divergent waves.
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Stern Bow

e a2 —T— A=dlw /T —.[ a4 I——_

Stern wave: {a) Wave reinforcement at stern; n = 2, Fr = 0.302

Stern

I"— A=8lw /9 —-I—— ALy, —-1 v
T T
= N Bow wave
Stern wave
Ib) Wave cancellation at stern; n = 3, Fr = 0.266

Fig. 5.21
where n =1, 2,3, ..., and is the number of crests accruing over the length Ly .
Equation (5.24) can be written as

X o o FP

Tas x_:_w n(Fr)°. (527

When X and ¥ mutually satisfy Equations (5.26) and (5.27) the Cy curve for the
transverse waves will exhibit a ‘hump’.

Now if the wave systems are in anti-phase at the stern Lwyp — A/4 must be an
even number of half wavelengths. Hence

A A
Lwi =7 =(2n - 2)2
that is,
_ 4
Lwyr 4n-3
wheren=1,2,3,..., asbefore. Therefore, when A and ¥ mutually satisfy Equations
(5.27) and (5.28) the Gy curve for transverse waves will depict a ‘hollow” at the
appropriate Froude number. The results are shown in Table 5.2.
The variation of wave-making resistance with forward velocity of the ship ¥ may
be assessed using, for example, energy relationships for the transverse and divergent
wave systems. It is found that the total wave resistance is the sum of two principal

(5.28)

Tabic 5.2 Predicrion of humps and hollows,

Humps (Equations (5.26) and (5.27)) Hollows (Equations (5.28) and (5.27))
n MEwL Fr n AMLwr Fr
1 43 0.46 1 4/1 0.80
2 41 0.30 2 4[5 0.36
3 411 0.24 3 4/9 0.27
4 415 0.21 4 4/13 022
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components. The first is proportional to V% and represents the resistance which
would be obtained if bow- and stern-wave interference did not occur. The second
component, which represents the mterference effects, is proportional to the product
of ¥ and a series of harmonic terms in ¥ and is therefore oscillatory. Asaresuls‘,
the total variation of Cw oscillates above a mean curve proportional to (Fr)
with increasing amplitude up to the hump corresponding to n = 1. For Froude
numbers higher than 0.46 (see Table 5.2) the oscillatory components largely cancel
both themselves and the steady component resulting in a continuous decrease of
wave-making resistance with increasing forward speed.

Figure 5.20 shows that, for n > 2, all the humps and hollows predicted by the
transverse system alone occur at very nearly the same Froude numbers, as do the
corresponding humps and hollows of the total Cw curve. However, when Fr is
grcale: Lhan about 04 the effcct of th: divergent waves on the total wave-making
and the hump corresponding to n = 1
appears at Fr = 0.5. As the Froude number is increased Equation (5.27) indicates
that the wavelength increases rapidly until eventually it becomes very much greater
than L. The first crest of the two transverse wave systems is then well aft of the
stern and as the divergent waves are not usually visible close to the hull the water
about the vehicle appears nearly horizontal. The pressure distribution about a high-
speed vehicle is therefore quite similar to that about a vehicle progressing at a very
low speed when A\ <€ Lwr. This means that the wave-making resistance of high-
speed vehicles (Fr>1.5, say) is small as it is for vehicles operating at very low
speeds (Fr < 0.15, say) Although the wave-making resistance of a conventional

ship may d with rising forward speeds this advantage is more
than outweighed by a rapid increase in the viscous resistance; the total resistance
and therefore the propulsive power then become extremely large.

A ship may be required to maintain a constant operational speed for long periods
and it is clearly desirable that it should not do so at a hump on the Cy curve. Even
with the elementary theory presented here it is possible to locate quite accurately
the relative operating positions of different types of ship as shown in Fig. 5.22. The
Froude numbers correspond to maximum speeds and these may be quite different
from the cruising speed. This fact is rather more pertinent to the operation of naval
ships where high speeds are often required for short duration but at the expense of
high power consumption. It is important to recognize that Fig. 5.22 is not meant to
imply the existence of a unique Cw curve for all ships, but merely to locate the
ships according to the series of humps and hollows. The hump for n = 1 is called
the ‘main’ or *primary’ hump, whereas that for n = 2 is referred to as the ‘prismatic’
hump. The latter is so named because Cw in that range of Froude number is sensitive
to changes in the prismatic coefficientf.

We have assumed hitherto that the distance between the bow and stern pressure
points is Lwy, and that the first transverse crest occurs at A/4 aft of the bow. It has
in fact been found that, at least for warships, the distance between the first crest at
the bow and the first trough at the sterm is about 0.9Lwy, and this is taken also to
be the spacing between the bow and stern pressure points. Substituting 0.9Lwy, for
Lwy —A/4 into the equations preceding Equations (5.26) and (5.28) leads to

+ The prismatic coefficient is V/LppA m where Lpp is the length between perpendiculars (ie. the
length between two arbitrary marks on the hull, one near the bow and the other near the stern)
and A, is the cross sectional area of the hull at the midship transverse plane.
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expressions acoeptable for warships, namely,

Hiiipis. e
P Twr 201
5.29
Hollows: 2z 09 =
Ly, n-1

Tabie 5.3  Predicted and measured Froude numbers for warships.

Predicted and measured Froude numbers

Main First Prismatic Second Third

hump hollow hump hollow hump
Predicted for all vessels  0.54 0.38 0.31 0.27 0.24
Destroyer 0.51 0.36 030 0.25 -
Submarine on surface - 0.35 0.30 0.26 023
Cruiser 0.52 0.32 0.30 - =
Depot ship - 0.33 0.31 0.27 0.24
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The combination of Equations (5.29) and (5.27) allows theoretical predictions of
Froude numbers corresponding to humpsand hollows, The results appear in Table 5.3
together with some measured values which are seen to be in close agreement.

The discussion so far 1mph|:s that some control might be exercised over the

itude of the king 1 by specifying appropriate Froude numbers.
Howewr this could impose unacceptable limits on the operation of a ship, and so
a better approach would be perhaps to design a hull shape consistent with minimum
wave-making resistance. This has been attempted (e.g. [10]) but the mathematical
boundary conditions placed on the theory which is developed from the Kelvin
king source (rep ing a solution for a source-type flow in the presence
of a free surface) are rather difficult to satisfly accurately. A distribution of ‘sources’
and ‘sinks’ [2] can be used to represent a ship hull but it is far from straightforward
to decide which parts of the hull should be modelled most closely. Waves are largest
at the ends of the ship, where the hull is generally wedge-shaped so that the hull
profile is quite close to the longitudinal vertical plane of symmetry. This plane is
therefore chosen as that on which the source-sink system can be distributed in
order to produce the best results for ships operating at low speeds. It has been
shown in [10] that if the perturbation velocities u, v, w (of Fig. 5.13) are small,
that is, a *thin-ship’ ption, the king resi: may be deduced either
by means of the downstream wave pattern or by calculating the surface pressures
on the hull. The latter method is preferable because the approximation adopted for
the free-surface condition are more likely to affect the downstream wave system
than the pressure on the hull. In some cases the theory matches experimental data
rather well, but as we might expect agreement is poor for bluffer forms.

Suggestions concerning ‘wavy’ hulls have been put forward but these ideas are
adequate for small ranges of speed only. A flexible body analogous to a dolphin is
obviously impossible for ships. Rather more success has been achieved with the
‘bulbous bow’, a device first introduced at the beginning of the twentieth century.
Indeed, the effectiveness of bulbous bows was discovered, apparently by accident,
after the reintroduction of ram bows on ships of the United States at the end of the
nineteenth century. It was found that by increasing the submergence of the ram
and generally rounding-off the profile bow waves were partially neutralized and
wave-making resistance was reduced. A bulb of this type fitted to the battleship
USS Delz resulted in a sub ial speed advantage over comparable ships.

The earliest theoretical calculations on the effectiveness of bulbous bows were
developed by Wigley [22]. The bulb should be nearly spherical in shape and fitted
to the hull just ahead of the fore foot (i.e. close to where the nominally longitudinal
keel turns upwards to form the underwater stem leading to the bow of the ship).
When in this position, the accelerating flow over the surface of the bulb generates
a low-pressure region which may extend to the water surface. The high-pressure
region developed in the water by the passage of the bow is therefore largely
cancelled by the ‘bulb wave’ interference and the resultant wave then has a reduced
amplitude. Turbulent-flow conditions near to the bow are also reduced and so,
therefore, is the loss of energy through wave breaking (see Section 5.5). For high
Froude numbers (e.g. up to 0.57) the reduction of wave-making resistance out-
weighs the inevitable increase of both skin-friction and viscous pressure resistance.
However, at low Froude numbers (e.g. less than 0.24), there is little benefit from a
bulbous bow and in some cases an overall increase of resistance has been found.
For the bulbous bow to offer significant advantages Wigley suggested the following
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design criteria should be used:

(i) The usefulspeed range of abulb comrespondsapproximatelyto0.24 < Fr <0.57.

(ii) The best position of the bulb is with its centre at the bow, that is, with its
nose forward of the hull.

(iii) The bulb should extend as low as possible in the water and be as short and
wide as possible consistent with fairness in the lines of the hull. This will prevent
excessive spray and avoid a ‘wet’ ship.

(iv) The top of the bulb must be well below the surface of the water.

The limitation to a maximum Froude number is due to the onset of cavitation
around the bulb and stem and large skin-friction resistance.

A great deal of work on the design of bulbous bows, and wave resistance generally,
has been carried out in Japan, notably by Inui [23]. In the subsequent analysis the
bow and stern waves are kept separate and then cancelled by waves produced from
local distributions of ‘sources’ and ‘sinks’ in the fluid. The latter distributions define
an additional body shape, namely the bulb, and it is seen that the possibility of
both bow and stern bulbs are permitted. This procedure was shown to be beneficial
in reducing the size of the wave pattern generated in calm water even though only a
bulb at the bow was used. The optimum shape of a bulb on a given hull form depends
on Froude number, and the designs then operate best over a narrow range of ship
speeds. Consequently, the installation of Inui and other bulbous bow shapes is
usually to be found on fast cargo ships, bulk carriers, ferries, crude-oil carriers,
and some ocean-going tugs which have a well defined operating speed for long
periods of time. Naval ships, other than replenishment vessels, have quite different
operating criteria and rarely incorporate bulbous bows. Another factor contributing
to this situation is the uncertainty of the response in heavy seas of a fine-form ship
with a bulbous bow. More recent work, showing a comparison between theory and
experiment, is given in [24] .

Further details of the design and performance of bulbous bows are given in [25] .
The reader’s attention is also drawn to an excellent review of the wave-making

i of ships by Wel [26].

5.8.2 Interaction Effects

The interaction between viscosity and wave effects can be assessed by considering
the total resistance coefficient Cy to comprise the following contributions:

Cr
|
I 1
Pressure Skin-friction
resistance Cp, resistance Cr
Wave-making Viscous pressure Without Wave
resistance Ciy resistance Cpy waves Cr | eftect Cs
(Re) (Re, Fr)
Inviscid Viscous Without Wave
fowCw,  effectsCw, wavesCoy, effect Coy,,
1#el (Re, Fr) (el (Ae, 1)
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The subscript t refers to a theoretical value and Cyw, is therefore the coefficient of
wave resistance that would be obtained if the fluid were inviscid. The boundary
layer on the hull and separation near the stern (both viscous effects) undoubtedly
modify the distortion of the interface and therefore Gy, must be d by
Cw, to yield Cy. Although Cw, is a function of Fr only, it is clear that Cy,
must depend on both Fr and Re. The theoretical viscous resistance Cy, is given
by the sum Cr, + Cpv,, and each component depends on Re only, provided that
the interface is not distorted. As we have seen Cy, can be determined from experi-
ments with a deeply submerged, double-hull model. Wave formation alters the
pressure and stress distributions over the wetted hull, and it is thus necessary to
include in our analysis the interaction components Cf,, and Cpy,, which are both
functions of Fr and Re. These interaction effects must occur in principle, but their
significance is the subject of debate [27].

It was pointed out in Section 5.5 that once in motion a ship may take on a pure
sinkage or rise or a change of attitude (trim). For many ships operating at low speeds
sinkage by the bow exceeds that by the stern, so that a trim by the bow is observed.
As the speed increases the bow rises, and for Fr > 0.3, say, there is a gradual increase
in trim by the stern. A resistance contribution C,, is added to Cr to allow empiri-
cally for changes in attitude from that at rest.

We have always assumed the ship to proceed along a straight path with the verti-
cal plane of symmetry parallel to the direction of the resultant velocity V. Should
this condition not be so, for instance, as a result of cross currents, unequal thrust
from the propulsors, asymmetry of the hull, etc. a small drift velocity occurs. The
ship can then be regarded as equivalent to a large body of small span set at a small
angle of incidence to the flow. The pressure on one side of the hull exceeds that on
the other and this pressure difference causes a flow under the keel from the high-
to the low-pressure side. This motion will augment further the total resistance of
the ship because the ‘leakage’ flow develops into downstream ‘tip vortices’, which
eventually dissipate in the viscous fluid and which therefore represent a source of
energy loss. (The generation of tip vortices is discussed in more detail in Chapter 6.)

5.8.3 Estimarion of Ship Resistance

The difficulties of estimating Rt have been described already. Essentially, prob-
lems arise because there is no known general form for the relationship between Cr,
Re and Fr. We therefore have to split Cr into various components and consider the
following points: (i) different components obey different scaling laws; (i) Cy can
be split into more than one system; and (iii) there are more ways than one of dealing
with some components.

Froude’s method of deriving a bare-hull resistance is not only interesting but
has remained useful for nearly a century. However, the method relies heavily on
empiricism and experiment and is now being gradually superceded by analytical
methods. The basic procedure is as follows:

(1) Measure the value of Ry for the model with (Friy = (Fr)p.

(2) Calculate or measure the value of R for the model from data for sub-
merged planks of the same length, surface area, finish and Reynolds number as the
model.

(3) From (1) and (2) evaluate the residuary resistance,

(Rr)m =(Rr)m — (Re)m
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and hence deduce (Cg ). Now Cy is assumed to be a function of Fr only so that
(Cr)m = (Cre.

(4) Calculate or measure the value of Ry for the plank corresponding to (Re)p
and hence deduce (Cg)p.

(5) The prototype resistance can now be obtained from the equation

(Cr)p = (Cr)p +(Crm-
The assumption that Cg is a function of Fr is seen to be erroneous because
Cr =Cy +Cpy

and we know that Cpy is primarily a function of Re. Nevertheless, for fine hull
forms operating at high Froude numbers, say greater than 0.35, Cpy is small and
the wave-making resistance is a large part of the whole. Then

Cr = Cw(Fr)

and the Froude method gives a good estimate of the total resistance.
On the basis of the resistance equation (5.22) we can write, to a first order of
accuracy,

Cr(Re Fr) = Cy(Fr) + Cpy(Re) + Cg(Re) (5.30)
and the components may be examined separately or in some combination.

(i) Cr: This is obtained from towing tests on a model, but difficulties are en-
countered in scaling to the prototype.
(ii) Cr: This may be found for the model and the prototype as follows:

(a) Use (simplified) boundary-layer theory.

(b) Use plank data as in the Froude method.

(c) Integrate the shear-stress distribution over the hull as measured by Preston
tubes, Stanton tubes, hot-film probes, etc., which rely on a known relationship
between the local shear stress in the boundary layer and some characteristic of the
adjacent fluid velocity. An example of the use of Preston tubes to deduce the skin-
friction resistance of a model liner is given in [28].

(iii) Cpy : There is no known way of determining this directly.
(iv) Cw: This can be found by the following means:

(a) Calculate the pressure resistance of the body in an inviscid fluid for which
Cpy =0.

b (b) Calculate the wave resistance using the relationship

+b[h 2 2 +b 2
Rw =§p5 JJ”’ +w? —ufy)dzdy H.me: dy, (531

as derived from Equation (5.15), by employing measured or calculated functions of
t(») and using measured or assumed distributions of u, v and w downstream from
the ship [29, 30].

(v) Cpy + Cp: This combination may be deduced for the prototype by taking
measurements on the model at the same Reynolds number. Often equality of Re is
impossible to achieve and extrapolation of the model results to those for the proto-
type is required. Experimental procedures are:

(a) Tow a submerged double-hull model so that (Re)y = (Re)p and then,
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because of the double hull,
(Cpv + Cedy = 2(Cpv * Crp.

(b) Perform a velocity traverse across the wake of a submerged double-hull
model and assume the wake is *double’ that of the ship.

(c) Conduct a velocity traverse across the wake of an interface model. How-
ever, this will entail further assumptions and include the added effect of energy
transfer by wave breaking (e.g. see [31]).

Attention has been drawn to the defects of the Froude method, and it is natural
to ask if there are any improvements of the basic technique. It is argued in [32] that
Equation (5.30) should at least be modified to the form

Cr(Re, Fr) = Cw(Fr) + Cpy(Re, Fr) + Cp(Re) (5.30a)

and that techniques should be developed in order to measure separately each
component on the right-hand side of the above equation. Even then questions of
interaction are largely ignored so that greater refinement may be necessary, Separate
scaling of the components should then follow and eventually, perhaps, a full
theoretical analysis may be developed. This final goal, however, is undoubtedly
some way off, although the importance of the three-component analysis is clearly
evident in the case of present-day, full-form ships. For the latter, another difficult
problem arises from the large difference between (Re)y and (Re)p. Substantial
regions of separated flow which may occur adjacent to the model are often absent
from the fullscale prototype when running at the same Froude number. Conse-
quently, (Cpyv hw is greater than it would be if the flow had remained attached and
the boundary layer had grown naturally. Under these conditions scaling laws for
viscous resistance become quite unreliable. The matter is discussed in [8] in relation
to a double-hull model mounted in a compressed-air wind tunnel. A revealing series
of flow visualization pictures and measurements indicates that serious deficiencies
in prediction techniques may occur if the model length is less than 6 m or so.

In the past a great deal of work was done on plank tests and an immense quantity
of data was accumulated. Account was taken of surface roughness but any applica-
tion of the results always introduced the same inconsistency, namely that of adopting
data from flat surfaces for the curved surfaces of ships. The development of bound-
ary-layer theory allowed Blasius, in 1904, to deduce an expression for the skin-friction
coefficient Cg(= Rp/4pS¥?) of a thin, flat plate of surface area S placed parallel to
the oncoming flow. The boundary layer was assumed to be laminar, two-dimensional
and steady with the result that

Cr = 1.327(Re)~ ' 12 (5.32)

where Re is based on the overall length of the plate L. In 1921, Prandt! and von
Karman derived independently the corresponding expression for turbulent flow
over the whole of a flat plate, namely

Cr =0.072(Re)y" /% (5.32)

The relationships (5.32) and (5.33) are depicted in Fig. 5.23. Generally, three
boundary-layer régimes will occur on the plate: laminar, transition and turbulent,
Transition commences when the local Reynolds number, based on distance from

Google



226 | Mechanics of Marine Vehicles

T T YT T T T T T T T T T

P
~*" # Typical
4 transition lines

Skin friction coefficient, C¢ x 107
-

o

108 10 107 w0 10° 10"
Reynolds number, Ae

Fig. 5.23 Skin-friction coefficient for a semiinfinite flat plate. Curve 1: Prandil—von Karman

Cg = 0.072(VL/v)""*; curve 2: Blasius CF = 1.327(VL/v)",

the leading edge of the plate, is about 4 x 10°, but this value is somewhat longer for
very smooth plates,

In 1932, Schoenherr [33] collected William Froude’s plank data together with
results from other tests and plotted Cr as a function of Re. Although transition no
doubt occurred on many of the planks, Schoenherr examined his results in the light
of the Prandtl-von Karman theory. By so doing he found the equation for a skin-
friction line;

0.242(Cg)™'/? = log{(Re) x Cp } (5.34)

applicable to smooth surfaces. This equation was adopted by the American Towing
Tank Conference (ATTC) in 1947, and it was decided that an allowance of +0.0004
should be added to the resulting values of (Ct)p to account for the roughness of
new ships. The subsequent values of (Cr)e then produced a good correlation with
full-scale, ship resistance tests. For a submarine the preceding allowance, given the
symbol Ca, accounts not only for roughness, but also for other factors.

Widespread use of the ATTC 1947 line showed it to be unreliable in correlating
the results from small and large models. The advent of fully welded, and therefore
smoother, ship hulls showed that Ca could be zero or even negative. Furthermore,
Schoenherr used data from planks of different homologous series which therefore
possessed a wide range of aspect ratiost. Finally, the transcendental equation (5.34)
for Cr makes its use somewhat awkward in the design process.

At the International Towing Tank Conference (ITTC) in 1957 the weaknesses of
the ATTC 1947 friction line were recognized and as a result an alternative was

t The aspect ratio AR is defined as the square of the span divided by the plan area, which for a
rectangular plank reduces to the breadth divided by the length measured in the direction of the
flow in the main stream.
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proposed and accepted. This is the ITTC 1957 model-ship correlation line given by

0.075

L2 {log(Re) - 2}2 (5:33)
and now in common use in most model-ship tanks. The results obtained for Cg
from either Equation (5.34) or (5.35) may be used with the Froude analysis to
estimate the total resistance of a prototype. However, the value of Cy obtained
from friction lines must not be regarded as the value corresponding precisely to the
model or ship hull but rather as a component in the resistance analysis. Accordingly
we shall refer to Cu, as the ‘model-ship correlation allowance’ given by

Ca = (Ct)p measured — (Cr)p estimated. (5.36)

In order to improve on earlier work Hughes [34, 35] carried out further resistance
tests on planks and pontoons up to Re = 3 x 10°® and found that Cr increased as AR
decreased as a result of side-edge effects. The data were correlated by means of a
unique curve, independent of Reynolds number, which related the reciprocal of
AR to the ratio Cr/Cr,, Where Cr, is the value of Cr at &R = and corresponds to
truly two-dimensional flow over a flat surface set parallel to the oncoming main
stream. Extrapolation to the two-dimensional case was therefore made as shown in
Fig. 5.24. This allowed Hughes to construct his ‘basic’, turbulent, skin-friction
curve for plane, smooth surfaces which was described by the equation

Co = 0.066
Fo " log(Re) — 2.03}7
When plotted on a logarithmic scale the curves of Cr for given values of AR are then
displaced from the basic Cr curve by a constant ordinate, independent of Re, as
indicated in Fig. 5.25. Although Equations (5.35) and (5.37) are similar they yield
different curves, the Hughes line being below the ITTC and ATTC lines as shown in
Fig. 5.26. The Hughes line is, of course, for truly two-dimensional flows whereas
the other curves are not,

(5.37)

CriCry

1.0 + i i
10 20 30

A
Fig. 5.24 The variation of Cr with 4R for flat planks.
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To calculate the total resistance coefficient of a smooth hull Hughes proposed
the relation

Cr =Cry + Crorm +Cw = Cy +Cy, (5.38)

where Crorw is the coefficient of ‘form’ resistance. The so<alled ‘form effect’
for the three-d | flows over a real hull and includes pressure
resistance arising from curvature of the hull and thus from the streamlines in the
flow.
The procedure for calculating ship resistance using Hughes’ proposals is to deter-
mine first the basic skml’ncunn curve from Equation (5.37). At very low speeds
the value of Cy is app ly zero. Let us suppose that the point Ky in Fig.

5.27 represents the upper xpeed limit for which this approximation is acceptable.
This point on thz (Cr)m curve is usunl\y referred to as the ‘run in’ point, Based on

theoretical g and experi id Hughes idered that
GuKy _ Gyl + AyK (Crorm), Evm
MKy _ GuHy + HyKy _  Crormm _ ;4 p o, o 539
TuBw Cwliu Crou ™ Crow ¢
where the parameter
~ (Crormu _ (Cv)m — Crplu (5.39)

(Crou (Crdm
Both k and the ‘form factor’ r are taken to be independent of Reynolds number.
Furthermore, it is assumed that r is the same for all models and ships in a given
homologous series. Hence we can write, for example,

10g(Gy Ky ) — log(GyHy ) = constant. (5.40)

o el experiments
ow 5P

(Cw =00

i€, T
e T—— Viscous resistance
line

Basic skin-friction
line

Logarithmic scale for resistance coefficients

=

Logarithmic scale for Reynolds number, fe
Fig. 5.27 Hughes' resistance components.
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Thus, for logarithmic scales, a line can be drawn through Ky to be a constant
ordinate above the Cr,, line for all Reynolds numbers so as to indicate the form
effect. The difference between the (Cr)y curve and the three-dimensional friction
line must correspond to the wave-making component and is taken to be the same
as that for the prototype ship since the model tests are run with (Frly = (Fr)p.
By virtue of Equations (5.37) and (5.39) the friction lines can be extended to the
prototype range of Reynolds numbers. The curve of (Cy)p is then obtained by
adding (Cw)m = (Cw)p to (Cp, + Crorm)e = (Cy)p starting at a ‘run in’ point
Kp corresponding to the same ﬁrnude number as the model point Kp. A typical
extrapolation process is shown in Fig. 5.28, but note here that, in keeping with
practice, a linear and not a logarithmic scale has been used for the ordinate,

Now in the Froude method the whole of the model residuary resistance co-
efficient

(Cr)m =(Crdm — (Crg)m ={(Crdm — (CvIm +(CrormIm
=(Cwm * (CrormIm (5.41)

is transferred unchanged to the prototype as indicated in Fig. 5.28. However, in
the Hughes technique Crorm decreases as Re increases (as we might expect from
Equations (5.37) and (5.39)) and consequently the transfer to the prototype Re
results in a value of (Cr)p lower than that predicted by the Froude method. As
before, a model-ship correlation allowance is required to bring the estimated results
into line with full-scale test measurements.

In [25] the ATTC 1947, ITTC 1957 and Hughes correlations together with
Froude’s method have been used to estimate the resistance of a given ship. These
predictions give a range of resistance which varies by as much as 17 per cent. How-
ever, by the judicious use of correlation allowances recommended by the various
towing tank committees the final values can be brought to within 2 per cent or so
of each other. This simply highlights the need for more accurate and generally

125 (€1 ) Froude

ICy s Hughes

Lineat scale for resstance coefficuents
T
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Reynaids number. e = Vi, /v

Fig. 5.28 Hughes' ~xtrapolation technique.
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applicable theories and scaling techniques since values of C, for ships radically
different in form from earlier types are unlikely to be known with much confidence.
Nevertheless, it has been found that in conventional displacement ships without
excessively high block coefficients the use of the ITTC 1957 friction line along
with the Froude breakdown of resistance gives good results, with the conventional
Froude method giving high values of (Cy)p and the Hughes method giving low values
of (Cr)p.

Telfer [36, 37] suggested that a number of geometrically similar models, which
he called geosims, of different scale could be tested to obtain curves of (Cr)y as
a function of Reynolds number for each model. These curves are shown in Fig.
5.29. The function of Re for the linear scale of the abscissa in this figure is chosen
50 that the line for the viscous resistance coefficient (Cy) is straight when plotted
with Cy as ordinate on a linear scale. It has been found experimentally that curves
of constant Froude number joining the geosims can be drawn both parallel to each
other and to the Cy curve. These Fr curves may then be extended to the proto-
type Re to construct the Cyp curve for the prototype. As Scott [38] has shown
the straight line for Cy which passes through the ‘run in’ points of the geosims
applies only for a limited range of Re, For example, it was found that for one
particular hull shape (that of the Lucy Ashton, described in the following section)}
estimates of Cy could be made accurately from the relation

o 9.5
10%¢v log(Re) — 4
so that an extrapolated straight line could be plotted using a linear scale of
{log (Re)—4}~" for the abscissa. The range of Re for the model was 4 x 10° to
2 x 107 and for the smoothest ship about 2 x 10® for good accuracy. Furthermore,
an accurate approximation of Gadd’s assessment [39] of Hughes® pontoon data
[34, 35] gavea skin-friction-coefficient relationship for the preceding range of Re as

8.6
S e O
10°Cr, log(Re) —4°

tor resistance coefficients

Linear scale

Function of Aeynolds number, Ae
{linear scale, magnitude decreases left to right)

Fig. 5.29 Telfer's geosims.
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which indicates a value of r = 1.105. It should be noted that for Scott’s extrapolation
and for the slopes of the straight lines shown in Fig. 5.29, the magnitude of the
function of Reynolds number on the abscissa decreases from left to right.

Unfortunately, this ingenious method suffersfromseveralimpor g

(i) numerous models and tests are required and are expensive;
(ii) small models exhibit extensive laminar boundary layers; and
(iii) models are limited in size by the test facilities, so that the range of (Re)y is
small and may result in a rather inaccurate extrapolation to (Re)p.

It is clear from the few techniques discussed here that the estimation of the
resistance to motion of a ship proceeding steadily through calm water is by no
means finalized [40]. The ‘ship-tester’s dilemma’ remains; yet with improvements
in math ical analysis, supp d by more accurate test data, we may eventually
arrive at a reliable prediction of resistance for hull forms of arbitrary shape.

5.8.4 Full-scale Ship Tests

Compared with the vast quantity of model data those determined from full-scale
ship trials are quite sparce. There are a number of reasons for this disparity, For
example, it is difficult to measure the ‘tow-rope’ resistance owing to the problem
of maintaining a given speed and heading for an acceptable period. It is indeed rare
to obtain flat-calm sea conditions in deep, sheltered waters for comparison with
model experiments at the corr ding values of displ: and draught,
Furthermore, the reaction to the towing force may cause the towed ship under test
to alter trim from the nominal value associated with normal running at the same
speed. The cost of running a series of resistance tests is usually high, and to conduct
these tests a ship may have to be taken out of its intended operation for an un-
acceptably long period. This limitation applies to naval ships (data from which are
often necessarily classified) and particularly to commercial ships. Capital cost
represents a huge financial investment and, perhaps understandably, operators
require new vessels to earn revenue as soon as possible after the commissioning
trials which are concerned specifically with contractual obligations on speed, fuel
consumption and handling. Nevertheless, there have been a number of valuable
full-scale tests which have attempted to identify ship resistance components and to
validate (or otherwise) predictions from models and theory. Some of these are now
discussed briefly.

William Froude conducted resistance tests [41] on HMS Greyhound, a copper-
sheathed, wooden-hull corvette of length 52.58 m (= 172.5 ft) towed by HMS
Active. The tow rope was attached to a dynamometer on the fo’c’sle of Greyhound
and toa boom rigged to starboard on Active so that the stern of the latter was nearly
60 m (= 200 ft) ahead and displaced laterally nearly 14 m (= 45 ft) relative to the
bows of Greyhound. The trials were carried out in good weather at speeds up to
6.5 m s~ (=13 knots) and for Greyhound at several displacement (and therefore
draught) conditions, After separate account was taken of wind resistance it was
deemed that satisfactory agreement occurred between model predictions and full-
scale measurements. However, this vindication of Froude's hypothesis depended on
assumptions about the relative roughness of the copper sheathing on Greyhound
compared with the artificial roughening of the smooth model surfaces.

A comprehensive set of data was obtained from experiments on the Lucy Ashton
under the direction of the British Ship Research Association [42—45]. The Lucy
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Ashton was an old River Clyde paddle steamer of length 58.06 m (= 190.5 ft) near
the end of its useful life. The paddles were removed, the wetted hull cleaned and
hed, and four jet-aircraft engines used for propulsion. The latter were dis-
placed well outside the beam of the ship on a gantry so that interference from the
jet efflux was avoided. The total thrust from the jet engines thus equalled the ship
tesistance. With this arrangement the effect on resistance from adding appendages to
the bare hull could be assessed without causing a modification to the structure of
the flow approaching the propulsors. The speed range covered was approximately
3-7ms™" (6—14 knots). A series of model tests was also conducted on six geosims
of linear scale 1:21.2-1:6.35 and predictions made on the basis of Telfer’s method
[37).
A number of important conclusions were deduced from the Lucy Ashton tests:

(i) The effects of a smooth hull in reducing the total resistance were appreciated
after a 3 per cent improvement was obtained as a result of the fairing of seams and
the application of smooth paint. Increased resistance from hull fouling during service
amounted to as much as 30 per cent of the clean-hull value at the higher speeds.

(ii) Resistance predictions using Froude’s residuary resistance method were
somewhat sensitive to ship speed and tended to overestimate full-scale resistance at
lower speeds. Provided that a correlation allowance was included the Schoenherr
ship-model friction line, Equation (5.34), gave good results. Telfer’s prediction
technique using geosims was also good and confirmed the accuracy of scaling wave-
making resistance.

(iii) Tests showed that at corresponding speeds the scaled model, appendage
resistance increment (twin shaft, bosses and brackets) was about twice that obtained
for the ship. This indicated the difficulty of accurately modelling hull flows and
appendage flows at the same time.

Another series of tests using jet-aircraft engines has been performed with the
German research vessel SSMeJeor [46] . This vessel has a length of 72.8 m (= 239 ft)
and was run up to 6 m s~ ' (= 12 knots) with ship-model correlations based on
three geosims of linear scales 1 25 1:19and 1:13.75. Full-scale tests were conducted
on naked-hull resi and quently self-propulsion with the ship propeller
installed, The ITTC 1957 model-ship cmrclﬂtlcm line was used to extrapolate skin-
friction resistance with | log(Re) — 2} as the abscissa. Good predictions of resist-
ance were reported for both Mereor and for geosim extrapolations of a tanker.

Some idea of the orders of magnitude of the resistance components, as a per-
centage of the total resistance at cruising speed, can be appreciated from the following
data:

Resistance component Frigate Tanker
Frictional R 60 60
Viscous pressure Rpy 10 30

" Wave-making Ry 30 10

It is seen that the viscous resistance Ry accounts for 70 per cent of the total resis-

tance of the frigate and no less than 90 per cent of the tanker resistance.
Comparable results have been given [47, 48] for the resistance of two Cross

Channel ships, the Koningin Elisabeth and her sister ship the Reine Astrid, at a
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Fig. 5.30 Relative resistance for a Cross Channel ship.

cruise speed of 11 m s™" (2 22 knots) as shown in Fig. 5.30. The trials data have
been detailed in [49] along with trials data for a cargo liner and a tanker. Attempts
have then been made to calculate wave resistance theoretically based on the tech-
niques developed in [50] and to deduce viscous resistance from wind-tunnel tests
on model hulls (single and double). The appropriate form factor was deduced using
the ITTC 1957 friction line. The purpose of the work was to ascertain the accuracy
of breaking down the total resistance into just two components, namely wave
resistance and viscous resistance, and then to predict the results from model and
full-scale tests. The predictions showed errors up to 8 per cent in the model tank
results and up to 15 per cent for the ship trials. Although a refinement of the tech-
niques may be called for (and this is debatable if one is concerned only with the
effects of parameter modifications at an early design stage), programmes such as
this provide much needed information for the design data base.

Results from full-scale resistance trials on naval ships and submarines are rather
scarce, no doubt as a result of security restrictions, especially in the case of the latter.
However, some results of full-scale towing trials on HMS Penelope have been
reported in [51]. This frigate, of length 109.73 m (= 360 ft) between perpendicu-
lars, was towed by HMS Scylla of the same class using a tow rope some 1830 m
(= 6000 ft) long. The tow-rope pull was measured by a dynamometer on the
fo'c’sle of Penelope at speeds between approximately 6 and 11.5 m s~" (12 and
23 knots). Estimates of resistance and power coefficient (using Seyllz) could be
made, as well as pitot-tube surveys in the wake of the towed ship, Briefly, the
ITTC 1957 correlation line with Cs = 0.0004 produced good agreement with the
measured resistance of Penelope after removal of the propellers. It was found,
however, that the surface roughness of the frigate was substantially greater than
that of the new ship and resulted in a resistance 14 per cent greater than that
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predicted from model tests. The full value of these results has yet to be deter-
mined, but doubtless they will assist in the refinement of the techniques for resis-
tance estimation.

The importance of Ry is its size, and errors in estimation can lead to serious
difficulties in the selection of the propulsive machinery, Apart from reducing the
surface roughness little can be done to reduce Ry for a streamline form. Although
Ry is relatively small (e.g. about 15 per cent of the total resistance in the examples
considered in [49]) it can, at least, be modified at the design stage so that some
worthwhile changes in Rt are possible.

5.8.5 Other Sources of Resistance

So far we have concentrated on the predictions of total resistance of the bare wetted
hull, but there are other sources of resistance which need to be estimated to give
the overall resistance under full-scale operating conditions. Mention has been made
(in Section 5.8.2) of an increment to Cy arising from a change in attitude (or trim)
of a ship of given displacement from that when stationary to that when underway.
The change originates from the redistribution of pressure on the hull during the
commencement of motion, and for most conventional ships, especially those of full
form, trim is by the bow. The effect is accentuated by the presence of a bulb and
this departure from hydrostatic diti is often repi d by an attitude
resistance coefficient Cyyy. It might be expected that, if towing tests are carried out
on a freely suspended model, the attitude taken up by the model should be the
same as that of the ship provided that the weight distribution is modelled accurately.
This, however, is not at all straightforward as measuring equipment has to be
installed in an already congested model. In addition, it is not entirely clear to what
extent the values of Froude number and Reynolds number affect the attitude, and
therefore some degree of empiricism must be introduced.

An interesting problem has arisen from changes of trim when full-form ships,
particularly VLCC, are underway. The very large draught of these ships now invali-
dates the assumption of deep-water conditions as fully laden vessels approach har-
bours or progress along channel routes. Let us assume that, by virtue of its forward
motion, the ship has a trim by the bow indicating significant suction pressures on
the hull in that region and high mainstream water velocities realtive to the hull. As
the ship travels into a region in which the water depth decreases the keel approaches
the sea bottom nearest to the bow. The water flow relative to the hull is therefore
similar to that through a Venturi meter [2] in which the lowest pressures at the
throat correspond to the conditions below the bow of the ship. Several factors are
now called into play. The ship will settle lower in the water, a behaviour often
referred to as squat, which in turn causes a further increase in Cyy¢. Since the
clearance under the keel has been reduced there is a danger of collision with ob-
structions. Erosion of the sea bed, if it consists mainly of mud or sand, may also
take place. Although this can be, in effect, a means of dredging clear a channel the
deposition of the bed material elsewhere may cause further problems by silting up
banks and reducing the breadth of the channel. In order to reduce squat the speed
of the ship may be reduced, but then manceuvrability becomes more difficult. The
various mechanisms of the ph are discussed in [52].

The overall resistance coefficient of a ship may contain additional sources
represented by the coefficients of (a) appendage resistance Cypp, (b) acrodynamic
resistance of the above-water profile Ciero. () the propeller—hull interaction
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resistance increment Cpn, and (d) ice resistance Cjc., if operation takes place in
arctic waters, Let us consider these in turn.

@) C,

The l]op\; over model appendages such as shaft(s), bilge keels, stern tube(s), brackets,
bosses, etc, will be substantially laminar owing to low values of Re. Extrapolation
to the prototype is thus likely to produce errors in appendage resistance, Several
rough-and-ready correlation rules exist [25], but much work still needs to be done
before these become reliable. For example, the addition of appendages can increase
the model resistance by as much as 15 per cent of the bare-hull value, whereas only
half this increment is likely to occur for the full-scale ship.

The effect of appendages on resistance has been investigated more recently by
Holtrop [53]. It was noted that by simply adding the wetted surface area of the
appendages Sypp to the wetted surface area of the bare hull Sy, gave a total wetted
surface area Sy, which, when introduced into Equation (5.39a), say, to obtain
k from Ry (at ‘run in’), underestimated the appendage resistance. It was suggested
that the form factor for the bare hull 7y = 1 + &, should be increased by an amount
(k2 — k1 )Sapp/Sior, Where the ‘appendage form factor’ is 1 + k; . The increase was
small when the appendage length was of the same order as the ship length as in the
case of bilge keels. On the other hand, the increase can be substantial when the
appendages are small in length, for example, shaft bossings in a twin-screw ship
where the effect of aft appendages on resistance is known to be considerable. This
behaviour no doubt owes much to the effect of wake flows from short, bluff appen-
dages on both viscous p! i of the appendages themselves and subse-
quent interference on the flow past the hull within the region of the appendages. A
series of experiments by Holtrop led to a graphical relationship between 1 + k2 and
a ‘virtual’ app length Lypp exp d as a proportion of the ship length. This
technique of representing the form factor of the bare hull plus appendagesas 1 +k
where

T+k=14+ky +(ka = k1)Sapp/Sior

was used in [49] with some success for the ships examined there.

(®) Coero

Aerodynamic resistance arises from the relative velocity between the above-water
profile of the ship and the atmosphere. This relative velocity is not, in general,
equal to ¥ nor is it in the same direction. The superstructure can rarely be thought
of as streamlined, even for forward motion of the ship in still air. For operation at
normal speeds into a head wind, the aerodynamic force (resistance) is given by
Hughes [54] as

Fuero = Rucro = Caero x ¥pa VST, (5.42)

where p, represents the density of the air, ¥, represents the velocity of the air
relative to the ship (= V in still air), and St represents the transverse projected sur-
face area of the above-water profile (account being taken of the streamlining effect
of the hull).

Hughes found that Gy, varied between 1.0 and 2.0 for different ships and also
that Equation (5.42) could be used for wind directions other than ahead. For a given
above-water profile he showed that the maximum resistance to motion occurred
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when the wind was about 30° off the bow. Considerable reductions in Ryero can
be achieved with quite simple streamlining which will also cause an increase in ship
speed for the same propulsive power. However, as we saw in Chapter 2, when a
wind blows there is a substantial velocity gradient normal to the water surface up to
a height of 20 m (== 70 ft) or so. Recent work in wind tunnels which has taken this
into account suggests that Hughes' values of Cy¢ro Would be some 30—50 per cent
too great.

Measurements and calculations using tankers and their models show considerable
differences from Hughes' early work owing to the substantially different geometries
of the above-water profile of the ships examined. In [55] the wind coefficients
affecting resistance and therefore loss of speed of tankers have been investigated.
It was pointed out that the aerodynamic resistance to be added to the hydro-
dynamic resistance consists essentially of three parts:

(i) Direct wind resistance acting in the fore-and-aft direction;

(ii) Steering resistance arising from the transverse force and yawing moment of
the above-water parts of the ship in a steady wind. To compensate for this force
and moment the ship assumes a drift angle on the hull and a rudder deflection
(these latter topics are discussed in Chapter 8).

(iii) Steering resistance produced by an unsteady wind. Under unsteady wind
conditions the ship will yaw (see Chapter 8) and thus develop a further contribution
to wind resistance.

Model tests were carried out on a 2.2 m (= 7.2 ft) long model in a wind tunnel
and several modifications were made to the deckhouse configuration to determine
its influence on the total wind resistance. An important feature of the model work
was the simulation of an atmospheric boundary layer over the ground board to
which the hull was fixed at the assumed water line. However, under these circum-
stances the question arises as to which velocity should be used in forming the di-
mensionless aerodynamic resistance coefficient. One possibility is to weight ¥, with
respect to height in the absence of the ship and at, say, the mid-section location.
Taking horizontal strips of height 8k across the projected above-water area in the
vertical plane, of height ky, allows ¥7 at infinity to be replaced by

1",

. v
Although corrections such as this may lead to adjustments of up to 20 per cent for
the coefficients, it was decided in [55] to adopt the mainstream velocity for the
model tests as the reference value. In addition, the square of the water-line length
was used instead of projected area, together with additional data provided on both
transverse and longitudinal projected areas since these were deemed 1o be the main
parameters affecting the wind resistance coefficients along with the relative wind
direction, Deckhouse geometry, trim and so on were found to be of secondary
importance. The model results were compared with those given in [56] and others
and with calculations [57]. Although the magnitudes of the resistance coefficient
varied for a given wind direction there was a general similarity in shape of the curves
which covered a wide range of above-water profiles.

Following full-scale tests on a tanker with a length of over 300 m (= 1000 ft)
and with a deadweight of 2.82 GN (= 282 000 tonf) it was concluded that the main
contribution to added resistance comes from direct wind resistance. Even with
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improved design of the above-water parts it was found that Rg.., amounted to
2 per cent of Ry for a ship travelling through still air. Results for a typical tanker
profile with the relative wind on the bow showed that Ryeq /Ry increased to 7.5
per cent when ¥, /V=2 and to 17 per cent when ¥, /¥ = 3, which is equivalent to a
ship travelling at 6 m s~ ! (= 12 knots) into a wind of !2 ms~! (= 24 knots).
Clearly then, wind speed plays a significant part in the power estimation of tankers
and fast cargo ships; wind resistance may result in speed reductions of five to ten
per cent. The operation of the rudder to correct for yaw and drift produces further
increments. However, it is still not clear if a general approach to air resistance can
be made or whether the separate treatments of aerodynamic and hydrodynamic
resistance components conceal some important interaction effects.

) Com

Assunriizg that (Cr)p has been found we must now allow for the effect of the
propeller on the ship resistance. The coefficient of resistance of the ship—propeller
combination (Cr)s/p is usually found empirically by the addition of a suitable value
of Cy s, obtained from towing tests on the propeller—hull combination. Thus

(Cr)syp = Cr + Cpyn. (5.43)

The correction may be negative as the propeller could improve the flow conditions
at the stern to reduce Cpy .

The determination of any augmentation to the resistance which results from the
addition of a propeller to a hull with appendages is rather pli i and di
in no small degree, on experimentation and empiricism. The effects of geomemc
scale on Reynolds number are again important owing to the small size of model
propellers used for the propulsion of hulls in towing and manoeuvring tanks. The
various techniques used to predict the overall thrust requirement from propulsors
are discussed in Chapter 7.

The overall resistance of the full-scale prototype ship is given by

Rovlp = [30uSu P {(Cr)jp * Cart * Capp } +405TV Cuerolp (5.44)

where p,, is the density of water and S, is the wetted surface area of the hull.
However, throughout the preceding discussion resistance to motion has been
estimated on the assumption that the hull is clean; that is, we have allowed rough-
ness as the result of manufacture, but not as that which arises from fouling and
corrosion. Clearly, as the underwater surface of the hull becomes dirty with time
spent at sea the resistance to motion increases. Account of this is usually taken by
modifying the skin-friction resistance coefficient for the clean ship. A usual assump-
tion supposes Cf to increase by 0.25 per cent per day spent at sea and the deep-and-
dirty (i.e. normal displacement) state is reached after six months. Thus the increase
of Cp which must be added to the clean Cf to give the deep-and-dirty friction
coefficient is

(365 0.25

2 ) Cr = 0.456CF
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and so

( Ce ) = 1.456Ck = Cry -
deep-and-dirty

This value of CFd,‘d is therefore incorporated into Cr of Equation (5.43).

(@) Cice.

Arctic marine technology has long been associated with the running of the industrial
and commercial enterprises of northern Europe and the USSR. Everyday life must
be ined against the harsh of long winters which can disrupt transport
and communications systems. The promise of extensive oil, gas and mineral deposits
in Alaska and northern Ca.nada along with advanced wam.mg and defensive net-
works, has given rise to i pr of technologi lopment albeit
based on the same basic principles. The successful erection ‘and operation of oil and
gas platforms in the North Sea has led to the widespread investigation of further
sources fringing on arctic waters. The policing of existing and proposed platforms
requires, therefore, the operation of marine vehicles in regions where substantial
ice coverage of the sea surface may occur for considerable periods of the year. The
passage of ice past fixed structures gives rise to similar problems of resistance
augmentation. Some ships are of course designed for ice-breaking duties, either as
specialist craft opening channels in areas of sea ice up to the pack-ice regions or as
cargo vessels with specially strengthened bows to make single transits.

The resistance to motion of a ship through ice may be as much as fifty times
that of the open-water resistance at corresponding speeds. The first attempts at
resistance estimation concentrated on the depth and penetration of an ice cover
which could be broken by a vessel when ramming. Nowadays, resistance is studied
in the context of continuous steady state motion, and this has suggested that ice
resistance is a complex function of ice geometry and physical properties, weight per
unit mass g, ship geometry and speed, and various form parameters. The ice resistance
is then added to the hydrodynamic resistance Ry of the underwater hull which at
the low speeds appropriate to movement through ice comprises mainly the viscous
component Ry

One form of the ice resistance equation now in common use [58] is

Rie = Cy 0y8h; + CypigBh? + Cap;Bhy 1 (5.45)

where C;, C; and C; are coefficients, o; is the flexural yield stress of ice, p; is the
density of ice, k; is the thickness of the surface ice, B is the beam of the ship and ¥
is the forward speed of the ship. For various homologous series of hull shapes the
coefficients become rather complicated functions and difficult to predict con-
sistently.

The three terms on the right-hand side of Equation (5.45) may be interpreted as
follows:

First term: the resistance arising from both cutting and bending forces imposed
by the bow of the ship;

Second term: the resistance arising from the submergence and subsequent over-
turning of pieces of broken ice as the channel is cleared;

Third term: the resistance resulting from moving aside pieces of ice from the
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side of the ship during passage along the cleared channel; this component is a func-
tion of the speed of the ship.

Since the speed of ships is low when negotiating ice floes, it is found [59] that
of the various equations for Rj.. now in use the differences stem from the third
term on the right-hand side of Equation (5.45). The exponent of ¥ may vary
between 1 and 2, but if we retain the form of Equation (5.45) then the coefficient
of ice resistance may be represented as

o Rice Lo o L)’.
Gl ey~ Cuzt o+ 0s s

The quantity o;/p.gh; is referred to as the ice strength parameter and is the ratio of
the flexural yield stress to gravity loading of the floating ice per unit surface area,
and V/\/(ghi) is the ice-thickness Froude number. It is seen in Equation (5.46) that
no effect of skin friction is included owing to the absence of Reynolds number, but
since inertia forces iated with ice ts are very large this is hardly
surprising.

To date the development of reliable and general techniques for predicting the
coefficients Cy, C; and C3 has defied theoretical analysis. The most reliable data
come from model tests in tanks vsing saline or synthetic ice, but even then dis-
agreement occurs [60] . Usually, the model ice density and ice—hull friction factor
are kept equal to the corresponding values at full scale, It is then straightforward to
show that the model ice thickness, flexural yield stress and elastic modulus are
smaller than the corresponding ship values by the linear scale factor. These con-
ditions are best satisfied by using low-salinity ice near its melting point and by
giving careful attention to the model surface. Tests have confirmed the form of
Equation (5.46), but the results of experiments with a variety of model and ship
forms [61] show that the resistance coefficients vary widely: C,, 0.000 to 0.0483;
C,,13.32 to 132.09; C3, 0.0495 to 0.322.

The preceding discussion has been restricted to steady forward speeds through
ice floes of uniform thickness. Such conditions seldom exist, however, because ice
floes are discontinuous, have variable thicknesses and properties as a result of dif-
ferent ages and are ridged with hummocks to produce hard spots. The treatment
of ship motions through non-uniform ice is beyond the scope of this book, but a
summary can be found in [59] and a theoretical analysis of ship resistance to con-
tinuous motion in ice is given in [62]. Some full-scale trials data are given in [63]
and correlations between full-scale and model tests are presented in [64] .

(5.46)
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6
Steady Motion at High Speeds

6.1 Introduction

The search for effective high-speed vehicles has a long history, but it is only over
the past 25 years or so that intense activity has taken place. Design requirements
such as high speed, reliability, passenger comfort, manoeuvrability over the speed
range, good seakeeping qualities (i.e. minimum response to waves) and so on have
now been joined by considerations of fuel economy, ferry demands, launching
platforms for missiles and helicopters in naval applications, endurance for fishery
protection duties and many others. As a result a number of well known concepts
have been further developed and refined and a variety of other craft and surface
effect ships (SES) are under evaluation. Recent discussions of many fast craft and
their proposed duties can be found, for example, in [1, 2] and we shall later make
specific reference to some particular work therein. However, we shall confine our
attention here to the principal forms of high-speed craft, namely, planing craft,
hydrofoil craft and hovercraft, the latter as a particular case of an aircushion
vehicle (ACV). Nevertheless, brief mention is made of new ideas in the belief that
future scenarios may incorporate them in important military and commercial roles.

For an examination of the steady motion of high-speed vehicles the main para-
meters of interest are the total resistance and its components as functions of forward
speed. It is convenient to think both in terms of resistance coefficients as well as
actual resistances. It was shown in Chapter 5 that the coefficient of wave-making
resistance Cw for conventional displacement ships increases with Froude number
Fr until Fr, based on waterline length Lwy, is about 0.5, whereupon Cw declines
steadily for higher values of Fr. When Fr 2 1.5 the wave-making resistance Rw is a
relatively small component of the total resistance Rt because Cw is exceedingly
small. Although for conventional displacement ships the coefficient of viscous
resistance Cy (= Cr +Cpy) decreases as Fr increases, the viscous resistance Ry
(= Rg_+ Rpy) increases rapidly for a constant wetted area owing to its dependence
on ¥, For speeds greater than, say, 20ms ! (=40 knots) the conventional dis-
placement vehicle is uneconomic because of the enormous power installation and
fuel tanks required. We must now examine, therefore, the means by which the rate
of increase of resistance with increasing forward speed can be limited.

Briefly, this may be done as follows:

(i) Raise the hull in the water, by the application of a dynamic supporting
force, to reduce the wetted surface area of the hull.

(ii) Raise the hull clear of the water and support the vehicle by dynamic forces
applied to appendages fixed to the vehicle,

(iii) Raise the hull clear of the water and support the craft by means of aerostatic
jet reaction forces.
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The vehicles typical of these three modes of support are, respectively, (i) the planing
craft, (ii) the hydrofoil craft, and (jii) the Iu—:ushmn vemcie (the hnverctaft) ln
type (jii) there is a whole range of so-called gi d (GEM) i
the operation of air bearings, but we shall take a s:rnp]e form of hovercraft to
demonstrate the principle of generating aerostatic forces.

It will be assumed that for all these craft forward motion takes place at a steady
velocity V along the line of longitudinal symmetry of each vehicle and in a direction
parallel to the air—water interface, that is, horizontal.

6.2 Planing Craft

The pressure distribution over the wetted hull of a displacement vehicle in motion
changes from that which prevails under hydrostatic conditions. As a result the
attitude (trim) of the vehicle adjusts to the new equilibrium requirements, although
generally the displacement volume is little changed. However, if the hull is suitably
shaped, the hydrodynamic forces developed during forward motion can be sufficient
to support the craft with a substantial proportion of the hull out of the water. The
wetted area is thus less than at low speed, and so for a given speed Ry is also reduced.
However, the aerodynamic resi of the ab ter profile is i d some-
what, The wave-making resistance becomes small at high speeds and even though
R is then large it is considerably less than the resistance of a conventional displace-
ment ship moving at the same speed.

When at rest the planing craft resorts to buoyancy for support, whereas at low
forward speeds a combination of hydrostatic and hydrodynamic supporting forces
exists. We shall examine the means of generating the hydrodynamic supporting
forces on an immersed hull and consider subsequently the craft in ‘full flight’ when
these forces predominate.

6.2.1 Generation of Hydrodynamic Forces

When a fixed, flat plate is held normal to and symmetrically across an inviscid,
homogeneous, steady, free jet of water the jet divides evenly about the stagnation
streamline on approaching the plate and then escapes nlong the mrfane as shown in
Fig. 6.1, It is supposed that, for the sake of simplicity, the

Pa
surrounding the jet and the rear of the plate is constant. The momentum of the jet

Fixed plate. ¥ l 2.
Stagnation streamline
Fa )

X
P
Free jet of water
' l

Fig. 6.1
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in the direction of the approach velocity V is destroyed and a force F, must there-
fore be exerted on the jet by the plate in a direction opposite to that of V. Cleary,
the plate itself experiences an equal and opposite reaction. Alternatively, Fp can be
considered to result from the distribution of pressure on the wetted surface. The
pressure on the wetted surface of the plate reduces from a stagnation value at X to
Da at the edges Y, and this ‘favourable’ pressure gradient sustains the flow. It must
be admitted that for real (viscous) fluids the behaviour of a jet impinging normally
onto a plate is far more complicated than described here owing to the formation of
a large eddy region at X and shear stresses at the surface of the plate.

Suppose the plate is rotated to some fixed inclination relative to the direction of
the jet. The previous symmetry is now lost, a larger proportion of the jet being
directed downwards as shown in Fig. 6.2, The stagnation streamline is neither com-
pletely straight nor coincident with the axis of the jet. Consequently, the net reaction
F, does not act at the stagnation point St but at the centre of pressure X, which is
some distance aft of St. For an ideal fluid shear stresses are absent and Fp then
results only from the pressure distribution on the wetted plate and is thus normal
to the surface, If the jet approaches the plate horizontally F}, must have an upward
(vertical) component F, oppaosing the weight of the plate. In addition, there is a
component of Fy parallel to the jet, in the direction of ¥, which can be interpreted
as a drag force (resistance). An equivalent force system could be obtained if the jet
were a stationary, horizontal column (an impossibility, of course!) and if the plate
were propelled forward with a velocity V. The nearest practical equivalent to this,
which would correspond to the mode of operation of a planing craft, is an inclined
plate moving at an air—water interface. Obviously, the plate cannot extend across
the whole of the upstream water, and the disturbance caused by the vehicle would
then be restricted to a region near to and including the interface. Figure 6.3 illustrates
the two-dimensional flow pattern relative to a flat plate which is of infinite extent
normal to the plane of the paper and which is moving over the surface of a stationary
body of water of infinite depth at a steady velocity ¥. Provided that the inclination
of the plate is small the amount of water thrown forward is also small and is assumed,
in theory, to travel to infinity (but in practice it degenerates to spray).

Of particular interest are the variations of local velocity g and local pressure p
on the wetted surface of the plate. Results may be generalized by considering the
velocity ratio g/V and the pressure coefficient cp = (p — pa)/iow V2, where py is
the density of the water. Typical results are shown in Fig. 6.4. The pressure distribu-
tion is sharply peaked near the stagnation point and theory indicates that this
characteristic becomes more pronounced as the inclination decreases. It is also
evident that because ¢, is always positive the local pressure p is greater than p,.

Pa
Fixed plate g =
R
Free jot of water

Fiz. 6.2

m

Googl
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Furthermore, pressure always decreases in the direction of the flow of water relative
to the plate. The maximum pressure ona planing surface can be extremely high: for
example, with ¢, =+1, ¥'=30ms ™" (=60 knots) and py = 1000kgm > (=62.4
Ibm ft-3) the surface pressure relative to ambient, that is the gauge pressure,
P -pa=4pw¥? =4 x 10* x 900 Pa=4.5 x 10° Pa (x65.3 Ibfin~2) or about 4.5
atmospheres.

The normal force Fy, and the location of the centre of pressure can be ascertained
from the pressure distribution over the wetted surface. Altematively, F can be
deduced from a consideration of changes in either momentum flux or energy flux
of the water in the vicinity of the plate. Details of both appmaches are given by
Du Cane (3] and the energy analysis is selected here for d Let us supp
that a flat planing surface, inclined at an angle « to the air—water interface, moves
forward horizontally at a steady velocity ¥ through still water as shown in Fig. 6.5.
The flow over the planing surface is two-dimensional and we take the view of a
stationary observer placed outside the flow system. It is assumed that the main
bulk of water over which the plate passes is stationary far upstream, far downstream
and far below the interface. The only energy imparted to the water is, therefore,
that ‘thrown forward® off the underside of the plate. A simple application of
Bernoulli’s equation to the free-surface streamline shows that I is constant along
that line if the ambi is constant and the elevation of the leading
edge of the plate above the mterface is small enough to be neglected. The effect of
the boundary layer on the wetted surface of the plate is neglected in the following
analysis so that the water thrown forward must have a uniform velocity ¥ relative
to the plate. The absolute velocity of this water is thus the vector sum of the plate
velocity ¥ and the relative velocity of the water tangential to the plate, that is,
2Vcos(af2). The mass flow rate of the water thrown forward is py V8 per unit
width, where § is the depth of the water at the leading edge of the plate. By con-
tinuity, § must equal the depth of the stagnation streamline below the interface
well upstream from the plate. Hence, the energy flux supplied to the water by unit
width of the plate must be

10 ¥8) {2V cos(of )}
and this equals the rate at which work is done on the water by unit width of the
plate. That is,

FpV sina = §(0y, V8) { 2Vcos(e/2)}?
Velocity

relative Plate velocity
1o plate V,,,

Fo

Flat plate of Absolute velocity V,
unit width C ] i
/1 ee surface
5
Brvruratn fuld Stagnation Upstream fluid
stationary streamling stationary

Fig. 6.5
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since p, has been assumed constant throughout. Whence,

Fy=pu¥8 (Zcosf(aIZJ)

sino
that is,
F;, = pu V26 cot(a/2). (6.1)

Equation (6.1) shows that a dynamic force is developed only if & # 0; in other
words, water must be thrown forward and a sprayless planing craft is therefore
impossible. Under some conditions the spray may fall back onto the hull and create
an extra source of resistance to motion.

Since a has been assumed small the vertical (upward) dynamic force can be
written as

2 e 20w V8
F} = F} cosa = p V25 cosacot(ef2) = pr . (6.2)

Equation (6.2) may be divided throughout by 4, 2/, where [ is a characteristic
length, to give

Fy 4 (8
TGy (7) 63)

Cp; can be considered to be a vertical force coefficient and is analogous to the
section lift coefficient for fully submerged bodies. It is important to note-that the
analogy is not a strong one and that the generation of a lift force on a fully sub-
merged body is fundamentally different from the derivation of £y. (The point is
reconsidgred in more detail in Section 6.3.1.) For small values of a we can use the

approximation
2
oy § — . 6.4
c=afm(en)] 64)
with the result that
5 o[
G KA

In practice, the approximation defined by Equation (6.4) loses accuracy for flat
plates of finite width owing to side-edge effects which disturb the two-dimensional
nature of the flow. At a =0 both Cr; and &(Cp;)/da are zero, but the latter is
virtually constant at values of a slightly greater than zero. Thus Equation (6.5)

should strictly read
3
e (o).

5 _dax-¢)
- d
Cp,=(a—¢) {g (CP",)

] a
and € might be of the order of 0.1 degrees.

where

a=¢
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6.2.2 Hull Geomerry

While the flat plate under consideration is likely to satisfy hydrodynamic require-
ments at high speeds it is hardly a practical geometry. Local surface pressures on
the wetted surface are very high and give rise to an uncomfortable ride. Further-
more, as the plate offers little resistance to drift the control of lateral motions is
poor. These problems are overcome by the round-bottom hull (or round-bilge)
form illustrated in Fig. 6.6. Once forward motion commences the boat sinks by the
stern and a flat region of the hull is required to limit the sinkage and therefore the
trim. As high speeds are approached a fine entry to the water is necessary, particu-
larly in a seaway (i.e. in the presence of waves). The fore-body of rounded hulls
thus becomes very narrow and little use can be made of the internal space. Instead,
better results are obtained at high speed if the original flat plate remains as such
near the stern but the under surface of the plate is transft dinto an i ingly
pronounced *V” as the leading edge is approached with that edge sharpened, as shown
in Fig. 6.7. Toachieve good planing results and preserve the flat-plate characteristics
the sides of the craft meet the under-surface YV’ at hard angles, that is, there is no
rounding-off at the abrupt junction. Craft exhibiting this type of geometry are thus
said to possess a ‘hard<chine, V-bottom hull’ and many of the present high-speed
boats are of this kind.

Chine
Fig. 6.7 Hard-chine, ‘V" bottom hull form.

The angle which a V" hull makes with the horizontal is called the deadrise angle
B, as indicated in Fig. 6.8. Contrary to our theoretical models the wetted beam is
not, of course, infinite. The parameter used to account for this difference is the
aspect ratio AR, which was introduced in Chapter 5. However, the definition of
aspect ratio for the planing craft is not 5o straightforward to formulate as it was for
the rectangular plank. For example, the chine line is not usually straight for practical
craft and so the arithmetic average or mean wetted beam by, must be used. We may
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Horg = i"

angle
Fig. 6.8 Cross section of V" bottom of deadrise angle g.

now adopt the definition

R= F—"’ (6.6)
5 4
where § is the plan area of the wetted surface. Similarly, the length of the wetted
plan profile of the planing hull varies across the breadth and we therefore adopt a
mean wetted length Iy, defined asS/Ew so that

AR =2w 4 6.7)
Tw

Once departure is made from the flat to the ‘V’ bottom the spray produced by
the planing craft is no longer thrown wholly forward. The velocity of the spray is
still ¥ but it is directed transversely (with perhaps a rearward component) relative
to the hull as illustrated in Fig. 6.9. Evidently, the more sternwards the relative
velocity of the spray the lower become its absolute velocity and therefore its kinetic
energy with the result that hydrodynamic forces on the hull are reduced. The result-
ing smoother ride thus improves passenger comfort and navigational control. For
hulls with a small deadrise angle the spray emerges more or less at right angles to

Spray

—

Pressure

surface .

Spray Spray

Fig. 6.9 Spray direction.
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the forward direction, which gives rise to large hydrodynamic forces on the wetted
hull and a hard ride. This behaviour is typical of power boats used for racing.
Precautions are taken to protect individual crew members (not always with success)
in an effort to minimize the wetted surface of the hull and maximize speed and
endurance. Excessive wetting of round-bottom boats is avoided by fitting spray rails
along the hull which form the same abrupt discontinuity of shape as the chine line
and thus encourage a sharp detachment of water flow.

The total (all-up) weight W of the craft for cruise conditions includes the weight
of the crew, stores, fuel, passengers, weapons and the like. (Note that we have
abandoned the term weight displacement used for conventional ships because a
planing craft cannot be regarded as a wholly displacement vehicle.) If Rt is the
total resistance of the craft at a particular operating condition then a figure of merit,
often called efficiency, can be deduced from the ratic W/R. The approximate
effect of deadrise angle on maximum values of W/R-; is shown in Table 6.1, which
was deduced from the results in [4] and presented in [3]. A compromise between
hardness of ride, impact loading on the hull and high planing efficiency leads toa
mean deadrise angle f of between 10 and 15 degrees. Consistent with this range of §
and the corresponding range of (W/R1)max it is found that AR obtained from
Equation (6.7) is of the order of 1.5 and the trim angle a is about 5 10 5.5 degrees.
Various practical reasons often limit the trim angle to values rather less than this
and 4 degrees is rarely exceeded when steady planing motion at the cruise speed
has been reached.

Table 6.1  The variation of deadrise angle with maximum weight-
to-resistance ratio.

Bldeg) 0 10 20 30
(W/RTImax 96 8.5 6.3 50

An operational craft with an aspect ratio of 1.5 would possess poor longitudinal
stability. In practice values of AR € 0.5 are adopted, but a sacrifice in W/Rt must
be made if the trim angle is to remain small. At the risk of sustaining very high
bottom loadings and a hard ride the value of the mean wetted length [, can be
reduced significantly at high speeds by introducing a step in the hull (see Fig. 6.10)
extending from the transom to about midships [5]. Sometimes a multiple step is
incorporated to allow the bottom loading to be shared at two or more locations,
but the added complication of the design, and relatively large resistance at low
speeds, militate against this procedure. It is thus more usual to have stepless craft
except in power boats and sporting craft. The addition of a small flap, trim tab or
wedge at the transom provides a simple method of limiting both /,, and & at high
speeds, With this device in operation the boat rises with forward speed but a is Kept
small and virtually unchanged. As the finer fore-body of the hull then continues to
be submerged the viscous resistance of the hull decreases and may more than
compensate for the additional resistance of the flap.

The availability of large digital computers and the development of complex
programs have allowed a more detailed analysis of bottom loadings resulting from
the pressure distribution on the wetted surface of planing craft to be undertaken.
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In way of step during
passage through wave system

Profile of wave system
llocus of fixed point]

Fig. 6.10 Stepped hull.

In particular, the surface may be divided into a matrix of finite surface elements
(often rectangular) for any given wetted planform. Hydrodynamic equilibrium and
compatibility conditions must be satisfied at each element. An example of this
approach is given in [6] where inviscid flow theory is used for calm-water planing
and the equations of motion linearized to first-order magnitudes. The method
compares well with some previous results and empirical data related to hard-chine
craft, Furthermore, symmetry of the craft about the fore-and-aft axis is not an

ial analytical requi Some calculations are also presented of the loadings
on a stepped hull and of the effects of adding a wedge at the after end of the planing
surface. The benefits of both these devices are shown in terms of a reduced power
requirement for speeds above that corresponding to the lowest speed at which the
transom stern runs dry.

6.2.3 Forees on a Planing Craft

Although it has been suggested that a planing craft moving at its cruise speed is
supported by dynamic forces, it follows that if the resultant hydrodynamic force is
applied to the under surface of the hull some part of the hull must be submerged,
Thus for the semi-displacement craft it is necessary, as it was for the conventional
displacement vessel, to adopt some means of identifying a buoyancy force when
motion takes place. By this means we should be able to define the ‘fully-planing
régime’, but as we shall see later this is not so evident as might be expected. Gener-
ally, the hard (chine) angle is nearly 90 degrees and 8 is so small that at a given speed
we can assume that the boat is a rectangular box with a wetted beam By, a wetted
length 1, and at a trim angle a. The transom of the boat is usually unwetted, since
the water cannot follow the rapid change of contour at the stern. The ideal hydro-
static system of forces is that shown in Fig, 6.11.

At some depth z below the fee surface the (gauge) pressure on the wetted hull is
p= p?,gz. The hydrostatic force on an elemental area of the surface by (82/sine) is,
therefore,

§Fy = phy (:ﬁ) = (M)zﬁz.

sina

In the limit 5z - O integration with respect to z between z = 0 at the surface and
z =lwsina at the transom gives the net hydrostatic force acting at the centre of
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Fig. 6.11

pressure X, whence
Fr = bpwgbuwlasina. (6.8)
The upward (vertical) component of F}, is given by

v [
= wibwlw
Fy, cosa = 4 poghu T sina cosa = Entbuly sin2a, 6.9)
Note that because the transom is not submerged Fy, has a rearward horizontal com-
ponent given by
Fy, sina =4 pyghuwlosin’a.

Furthermore, the vertical component of F,, does not act through a centre of
buoyancy — it acts at X — and perhaps ought to be called a vertical hydrostatic
force. The force is certainly not the buoyancy force applicable to displacement
vehicles.

The system of forces acting on a planing craft in steady forward motion is shown
in Fig. 6.12(a). Assuming geometric symmetry about the fore-and-aft vertical plane,
the met forces acting on the craft may be taken to lie in that plane. The system thus
comprises the following components:

Fy: the hydrostatic force, given by Equation (6.8), acting at the centre of pres-
sure X on the bottom of the hull;

Fy: the net hydrodynamic force resulting from the variation of pressure over the
wetted hull and acting at the hydrodynamic centre H on the bottom of the hull;

F: the net skin-friction force on the wetted hull;

T: the thrust produced by a propulsor to maintain the steady forward speed V;
and

W: the all-up weight of the craft.

In order to reduce resistance at low forward speeds it is usual to provide some
longitudinal curvature of the hull, especially near the bow. So, although the local
pressure and shear stress are normal to each other on the wetted hull, the corres-
ponding net integrated forces acting through the hydrodynamic centre need not be,
the relative inclination depending on the shape of the hull, This has been taken into
account by directing Fj, and F1, atangles @ + ¢ and & + / to the vertical respectively.
However, to avoid subsequent complication F; has not been generalized in this way.
In any case, when the craft is travelling at a high cruise speed the wetted hull has
negligible longitudinal curvature.
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[]
| Vertical

Resultant

W— F, cosla + y}

(b)
Fig. 6.12 Forces on the wetted hull of a planing craft,

The thrust is assumed to act in a direction parallel to the keel, but in practice
this will depend on the type of propulsion unit and the orientation of, say, the
propeller shaft(s). For steady motion the net moment of forces about G must be
zero and so

Fu{ls — Ix)cosy + zusing) | — Tzx — Fp {(la — Ig)cosp — zusing}
+Fzy =0, (6.10)

Figure 6.12(b) shows the force diagram in which Fy is the vertically upward (sup-
porting) dynamic force and R is the horizontal dynamic force (resistance). The
resultant dynamic force on the hull can be considered to be the vector sum of either
the components F, and R or Fy, and F;. Thus, for the equilibrium of forces

W — Fy, cos(a + y) — F cos(a + ¢) + F sina — T'sina =0,
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that is

W — Fy, cos(a + /) = F, + Tsina (6.11)
and

T cosa — Fy, sin(a + /) — Fp sin(a +¢) — Fy cosa =0,
that is

Tcosa=R +Fy sin(a+ ) = Ry (6.12)

where R is the total resistance equal to the horizontal component of the propulsive
thrust.

At low forward speeds the equations of motion for a conventional displacement
vehicle can be derived from Equations(6.10)—(6.12). The stern can then be assumed
fully wetted so that the horizontal components of F;, must cancel. Hence, the
resultant hydrostatic force is di d vertically upwards and is, therefore, the
buoyancy force Fg which acts through the centroid of the immersed volume, that
is, at the centre of buoyancy B. We know that at low speeds when & =+ 0 and F, + 0,
¢ +n/2. Assuming further that T sina= Ta < W, Equations (6.11) and (6.12)
reduce to

W=Fg (6.13)
R=Fy,+F,=T=Rr (6.14)
where Fy, is the viscous pressure resistance which is small at low speeds. Since Fp
and F, are now parallel the hydrodynamic centre has no meaning and zy must be

interpreted as z, and z,, the distances below G of the lines of action of F, and Fy
respectively. The moment equation (6.10) reduces to

Fa(iG — Ip) — Tex + Fpzy + Fyzy =0 (6.15)
where Ix = lg, the distance from the stern to the centre of buoyancy.

When the forward speed is very high and significant planing action takes place
Fy € Fp. For efficient planing a is small, Fy € F and ¢ is small because § varies
little over the wetted length. Furthermore, T sina = T <€ Fy, and the force equa-
tions (6.11) and (6.12) can be simplified to

W=F, cos(a+ $) = Fy (6.16)
Rr=Tcosa=T
= Fy, sina + ¢) + Fy cosa

= W tan(a + ¢) + F,.
Then, as a and ¢ are very small
Ry =Wa+ Wp +F,. (6.17)

Equation (6.17) shows that the total resistance consists of three components which
may be identified as follows:

(i) The component Woa=aF, is called the induced resistance, or drag, and
results from the inclination of F, from the vertical owing to the trim angle of
the craft.

(ii) The component W¢ may be identified with wave-making and viscous pressure
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resistance. At high speed and small immersion the wave-making resistance is

small.

(iii) Fy is the skin-friction resistance.
This breakdown of the total resistance illustrates a general principle associated with
high-speed vehicles. At the (high) design speed the wave-making resistance is neglig-
ible, but the craft experiences induced drag in contrast to the reverse situation for
conventional displacement vehicles at normal operating speeds.

Finally, at high speeds the moment equation (6.10) can be simplified to

Fol(lu - Ig)cosp — zpsing | = Fuzy - Tzp

= .zHL( Esm(u+¢ F)ZT

which gives, on rearrangement,
Iy = lg)=(zn - z1) (— sec + lan¢) - Z7 tana. (6.18)

As ¢ and « are both small it is reasonable to assume that zy and zt are both small
and nearly equal. Equation (6.18) then shows that for ‘fully-planing’ conditions
which correspond to the presence of dynamic supporting forces only

=g, (6.19)
that is, the hydrodynamic centre is located on the hull very closely below the centre

of gravity. This result is incorporated in a design method for planing craft which is
discussed in more detail later.

6.2.4 Estimation of Forces on a Planing Craft

In the following discussion it will be assumed that the longitudinal plane of sym-
metry of the craft is vertical and that fully-planing conditions apply so that £y, € F
and Ta < Fp.

For a hard-chine hull the independent variables which affect the values of F,
(or Fp), Fy and Iy are:

¥, which is determined primarily by the propulsive thrust;

@, which is determined by the geometry of the wetted hull;

B, which determines the geometry of the wetted hull;

I, which depends on the depth of immersion and the orientation of the hull;

by, the mean wetted beam, which is determined by the geometry of the hull and
is consistent with low drag;

£, the weight per unit mass, which is associated with distortion of the interface;
and

Pw, lw, the density and dynamic viscosity respectively, which are properties of
the water.

Note that B,, has been included in the list of ind pendent variables for hardchine
hulls. If the deadrise were formed by two intersecting plates extending a large
distance transversely then the wetted beam would vary with Fpp and would not then
be regarded as an independent variable. The wetted beam is also an independent
variable for the case of a planing flat plate of finite aspect ratio since it affects the
extent of side-edge effects. In reality, § varies with distance from the transom from,
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say, 3 degrees at the transom to 17 degrees at the mid-len,gl.h. Generally, an average
value of deadrise angle is used in analysis and in this given case we might take
=10 degrees. Experiments have shown, however, that for planmg surfmes conmt—
ing of intersecting flat plates changes of 8 affect the d d linearly,
so that some error will be involved in adopting f.

For the hard-chine craft we can write the functional relationship

F = function (¥, &, B, Tw, Bw, &, Pw, w) (6.20)
and similarly for F; and /4. The appl.icalinn of dimensional analysis leads to
Fy . v PwViw 4%
——5=5 = function {a,B,= (6.21)
P { B TaT)

and similarly for Fy/4py V*T and iH,fT‘.,, It must be remembered that Equation
(6.21) applies to high-speed cruise operation, but attention must also be given to
motion at low speeds.

Other, mainly geometric, variables need consideration, such as fore-body shape,
chine shape, longitudinal curvature of the hull and so on. In principle, these are
generally decided upon with regard to cargo, fuel, operating rile, propulsion system,
etc. When the designer has chosen a hull shape he must then determine values of F;
and ly to calculate Ry and thus T for given values of W(= Fy), B, bw, £, pw and iy
at a steady cruise speed V. Because the flow about a practical hull is extremely
complicated reliance is placed on accurate experimental data. Unfortunately, the
form in which the functional relationship (6.21) is expressed contains the unknown
wetted length I, on both sides of the expression. However, as Murray [7] and
others have argued it is the wetted beam that is the important parameter (because it
varies little with speed) and not the wetted length. Thus, Equation (6.21) can be
rearranged, according to the rules of dimensional analysis (discussed in Chapter 4),
as follows

F, W .
e I’ZBW VR, =C, = function { &, _G, 7 \/(gb ) (6.22)
The Reynolds number Re = p,, VT, /uw is not included in Equation (6.22) as experi-
ments_have shown it to have a negligible effect on the vertical force coefficient Cy.
Since Fand V/v/(gb,) are both known at the beginning of the design stage, Equation
(6.22) shows €, to depend on the two unknowns a and by /T,

To calculate the skin-friction coefficient Cr, and thence F,, use is made of plank
data suchas those offered by the Schoenherr or the ITTC lines described in Chapter 5.
In other words, Cr, is assumed equal to Cr for the corresponding flat plank at a
given Re and an additional allowance of 0.0004 is then included as for displacement
ships. However, as the method of calculating C is the same as that for ships it must
be open to the same criticisms raised earlier. The inclusion of a correlation allowance
for the accurate use of model data is undoubtedly necessary but there seems to be
1o clear justification for its magnitude. It is thus implied that

£ ‘ (pw VTW)
Cg = ——5— = function 6.23
T Hw Kkl
N 04075 i I
—{Ing(Re}—Z}z’ or example |,
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where Sy, (=Twbyw sech) is the wetted surface area of the hull and T, is again un-
known. The form of Cr in Equation (6.23) is different from that suggested earlier,
following Equation (6.21), but is in a more convenient form and obeys the rules of
dimensional analysis.

In an effort to improve the prediction of the skin-friction force on a planing hull,
miniature Preston tubes were used in [8] to provide a measure of the local shear
stress. Owing to the small size of the model hull, that is length 0.9 m (= 3 ft), beam
0.2 m (= 8 in), the use of Preston tubes, about one<quarter of the usual length of
51 mm (== 2 in), was first justified. An array of tubes was then set into the wetted
hull of the model which had zero deadrise, vertical sides and a rectangular planform.
Transom wedges of 2 and 5 degrees were included with the basic case and the tests
carried out in a recirculating water channel. Following corrections to the Preston
tube readings owing to the effects of pressure gradients in the hull boundary layer
it was found that the integrated skin-friction coefficient for the model tested was
about 2 per cent higher than the basic Hughes line (see Chapter 5) at a given Reynolds
number. However, when account was taken of the aspect ratio by/lw = 0.2 m/
0.8 m = 0.25 for the model, it was found that the experimental Cg, curve fell about
4 per cent below the Hughes and Schoenherr predictions, It may be concluded,
therefore, that this difference arises from side-edge effects of planing hulls which
are absent from fully submerged flat plates and planks. The result could be an over-
estimation of the skin-friction force on a planing hull if the standard procedure for
displacement vessels is used.

The analysis of experimental data has shown that the location of the hydro-
dynamic centre H is independent of both Re and Fr (= V//(ghw)). Whence,

Ei'i = function (e, f, by/Ty) (20

in which & and /,, are unknown.

The data in [9] can be used to develop a design method from empirical relations
between the independent variables. Summaries of this development (7, 10—12]
illustrate the technique with examples and charts are used to reduce the amount of
algebraic manipulation of transcendental equations. For the reader’s convenience
and ease of reference the relationships are collected and discussed in the Appendix at
the end of this chapter. The results of a typical calculation using the precedmg data
are shown in Fig. 6.13. In this case W=450kN (=45 tonf), V=21 ms~ (=42
knots), §=8.25 degrees, by, =3.76 m (2 12.3 ft), Ig = 8.63 m (= 28.3 ft) and the
overall length of the boat was 20.55 m (=674 ft) at the still-water line. As it
happens, the location of the centre of gravity leads to an operating trim angle of
just over 4 degrees and a resistance value just about the minimum. More usually, the
Iy =Ig condition is satisfied for rather smaller values of « (as shown in [7]) and
this will not produce minimum resistance operation. It is pointed out that too large
an angle of trim might result in porpoising, but it is also deduced that an increase of
beam is rather unhelpful. Clearly, then, a compromise has to be made and this is
often influenced by restrictions other than those imposed by hydredynamics.

Resistance tests on a series of planing-hull forms (DTMB 62 Series) were per-
formed by Clement and Blount [13] who presented their data in a way suitable
for preliminary design calculations. The trim angle and the resistance-to-weight ratio
were found to depend primarily on the aspect ratio, the location of the longitudinal
centre of gravity and the size-to-weight ratio of the hull. (A deadrise angle of
B=12.5 degrees was used throughout the tests.)
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Fig. 6.13 Typical results from a planing craft calculation.

In [13] and later in [14] the high-speed performances of the five planing hull
models making up the Series were shown to reduce to a composite plot as indicated
in Fig. 6.14. Although these curves are derived for a craft with an all-up weight of
W= 10000 Ibf (= 44.5 kN), they can be used with good accuracy for weights from
7500—15 000 1bf (= 33.38—66.75 kN). For equilibrium of the forward steady
motion Jy is equal to /g and the latter can be fixed for a given boat. The abscissa of
Fig. 6.14 can thus be taken as some known value at the cruise speed. The coefficient
Cy is also calculable for a given speed and all-up weight, and the resistance-to-weight
ratio then follows. It is then found that the estimated values of resistance lie close
to those which were actually d on the corresponding five models of the
Series. A number of other i ing features, ch istic of general planing
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Fig. 6.14 Resistance-to-weight ratio as a function of /jy/Bw and Cy for a series of V' bottom
hulls.

hulls, may be deduced from Fig. 6.14. For a given plan area formed by the chine
line a craft of large l’,,ﬁ.,, (= 1/AR) will be elongated in the fore-and-aft direction
and consequently the ratio Ig/Bw (= l/bw at cruise speed) will be large. It is then
found that at high speeds long, narrow boats have a somewhat higher total resistance
than craft with lower IG/E,.,, as indicated for a typical example in Fig. 6.15. How-
ever, at low speeds the behaviour is significantly reversed as a result of the less
pronounced wave-making resistance of the slender craft. Also shown in Fig. 6.15 is
the variation of the corresponding trim angle which is seen to vary over a smaller
range as Ig /By, increases, though all the results merge at the highest speeds. Finally,
as shown in Fig. 6.14, if we consider a craft of constant W, ¥ and Ew and change
the value of Ig, the total resistance increases as I is brought forward. There is thus
a desire on the part of designers to keep the centre of gravity well aft. The extent to
which this action may be taken is limited by the tendency for the craft to porpoise
(bounce from wave crest to wave crest) at high speed and to adopt an excessive
trim by the stern when at rest. C t is ded in [13] that the
centre of gravity should be close to 8 per cent uf the projected chine length aft of
the centroid of the projected planing bottom area (enclosed by the chine line). It
may be noted that for much of the work in [13] correlations were based on the
‘volume’ Froude number defined as

.
Frg= \/—l—”v ) (6.25)
where
W
Hat 6.2
v 5 (6.26)
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Fig. 6.15 Effects of position of centre of gravity on R/W and a.

that is the displacement volume at rest. As shown in Fig. 6.15, the change-over
characteristic of Rt/W, which takes place at about 12.5m s_l(a 25knots), corres-
ponds to Fry=3.11. More recent correlations of total resistance data for the
Series 62 and Series 65 hard-chine hulls [15] have shown that the most dominant
parameter affecting the resistance at a given speed is the slendemness ratio (i.e.
fp,'v""’, where I is the projected chine length). Figure 6.16 shows a summary of
the typical results in which it is seen that as the slenderness ratio of the hull increases
the wave-making hump resistance reduces, but the high-speed resistance increases,
confirming the results shown in Fig. 6.15.

We see, therefore, that Murray's method can be used to produce the geometry of
a boat consistent with minimum drag or, alternatively, to produce a resistance value
for a given location of the longitudinal centre of gravity. These data will, however,
refer to only one operating point, that is, at the design cruise speed. On the other
hand, the data of Clement and Blount can be used to predict the performance of a
boat, similar to the series considered by them, over the whole speed range and for
all-up weights to at least 445 kN (= 44.5 tonf). These two approaches are comple-
mentary and both may be used to deduce optimum operation.

Corresponding data for round-bilge hulls have been given in [16] for the very
slender DTMB Series 64 and in [17—19] for the lower slendemness ratios of the
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Fig. 6.16 Effect of slenderness ratio on R/ for various Fry.

NPL Series. This later series is intended to cover high-speed ships which do not, in
fact, plane in the strictest sense. In other words, a significant buoyancy force is
present at the cruise speed. However, the question of the fully-planing condition is
considered in more detail in Section 6.2.6. For the moment we consider, for the
NPL series, that the length Froude number Fry (= ¥/\/(gLwy), where Lwy is the
length of the still-water line) is less than 1.1, say. Under these conditions the overall
round-bilge char istics describing resi and trim angle as functions of Fr ¢
are quite similar to those shown in Fig. 6.15 for the hardchine hull forms. It is
found that trim angles are slightly less and, at lower speeds, the resistance is some-
what less for the round-bilge forms. In [18] it is shown that again the addition of a
stern wedge reduces the trim angle (by asmuch as 50 per cent for a 10 degree wedge)
and, for low slenderness ratios, reduces the resistance at the hump speed.

Data from the NPL Series and a collection of hard-chine results are compared in
[19] on a resistance against Fry basis to obtain some idea of the optimum perform-
ance range for each type of hull for operation in calm water. Figure 6.17 shows the
recommendations derived from these data in terms of speed and ship length. It is
thought that the operating régimes illustrated are likely to hold for hull shapes
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Fig. 6.17 Operating régimes for round-bilge and hard-chine planing craft.

reasonably close to the NPL and DTMB Series. Clearly, the implication is that
ronnd-bl]ge hulls are best for large high-speed craft operating at speeds up to
25ms™" (=50 knots). This may go some way to explaining the often demon-
strated superiority in speed of the round-bilge German E-Boats in the Second World
War. Nevertheless, North American designers tend to favour the hard-chine hull
form and contend that the differences in resistance values at low speeds are not
particularly important. Indeed, it is suggested in [15] that the best compromise
may be the double chine, which bi the best ch istics of the two basic
hull forms and yet retains the shape which offers cheaper and quicker building
programmes. The question of which form is best at high speed in waves, measured
in terms of seakeeping resp such as displ: and lerati still has
no definitive answer. Although this question is of great importance, motion in waves
is unsteady and the topic is out of context here; but a measure of the seriousness of
the problem for several types of high-speed craft may be found in [20] for example.

6.2.5 Behaviour of a Planing Craft

The operating characteristics of a successful planing craft hull with a length at the
still-water line of approximately 21 m (=70 ft) and a length-to-beam ratio of 4
have been given in [21] and are presented in Fig. 6.18. The trim angle is seen to rise
to a maximum of about 6 degrees at approximately half the maximum :peed and
then to reduce steadily to some 4 degrees at the design speed of 25 ms™ (=‘ 50
knots). Our assumption that a« is small is thus seen to be justified for all speeds.

For this craft, and indeed for most planing craft, at low speeds the mid-section
falls wi:h respect to the still-water level and only begins to rise at speeds above
75ms™ (ﬁ- 15 knots). This settling of the hull in the water suggests that down-
ward (suction) forces are generated on the wetted hull, usually near the stern, which
augment the weight. As a result of this submergence Fg > W. To balance the mom-
ent induced about the centre of gravity by these suction forces a increases so that
the centre of buoyancy moves aft; the hydrodynamic centre H is also abaft the
centre of gravity, As the speed increases F, becomes larger with the result that H
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Fig. 6.18 Performance characteristics of a 21 m (70 ft) hard-chine planing craft.

moves forward and Fg diminishes (or rather Fy, is small). Between 7.5 and 10 m il
(=15 and 20 knots) the transom gradually rises clear of water, and to preserve
equilibrium the changes in Fy and Fp, and the movement of H and X (see Fig. 6.12(a))
take place with little change of trim. As the speed increases further the trim angle
reaches a maximum at 15 m s~ (2 30 knots). At higher speeds the mid-section
emerges slowly and a decreases steadily. This latter trend might be explained, some-
what crudely, for the fully-planing craft by referring to the equation

W=F, =C, x (10w V*B%) = constant.

Now as ¥ increases the coefficient C, must decrease because b,, remains constant
for hard-chine hulls. The wetted length tends to reduce slowly, and, as we can see in
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Equations (A.1)—(A.8) in the Appendix at the end of this chapter, a must also
decrease.

Also shown in Fig. 6.18 are the resistance components as functions of the for-
ward speed. In this figure the total resistance was based on measured values, the
skin-friction resistance was determined from plank data, the induced drag was
deduced from an estimate of F, and measured angles of trim, and the residuary
resistance was obtained by subtraction. The total drag increases rapidly at low
speeds, probably at a greater rate Lhan for a displacement ship, but then remains
little changed between 12.5and20m s~ {ﬂ‘ 25 and 40 knots) before rising steadily
at higher speeds. Between 5 and 10m s™" (== 10 and 20 knots) the total resistance
arises primarily from wave formation. The residuary resistance shows a hump at
about 9 m s—! (= 18 knots) which corresponds to a Froude number, based on
water-line length of the craft at rest, of approximately 0.63. As the speed increases
the wave-making resistance decreases, but at high speeds viscous pressure resistance
increases so rapidly that it forms the major component of the residuary resistance.
As F, is negative at low speeds the induced drag is then also negative but becomes
increasingly positive as ¥ rises. Above 20m s~* (= 40 knots), Fy changes little but
@ is seen to decrease, thus causing the product oFy to pass through a maximum and
then decrease yadual.ly Fma].ly skin-friction resistance increases sieadily throughout
the speed range since the ¥? term is always greater than the product Sy x Cr. For
the particular craft examined here, the skin- :'ncuon resistance becomes the largest
component of the total resistance above 20 m s™' (2 40 knots). However, the rate
at which skin-friction resistance increases is less than that for a displacement vehicle
because the wetted surface area decreases with increasing speed.

6.2.6 Definition of Fully-planing Operation

We have considered hitherto that the craft is fully planing when speeds are reached
for which Fy, € F, but some part of the hull must be submerged. Therefore I, #0
and so Fy, # 0. This definition of fully planing is imprecise yet difficult to improve
upon, For example, Newton [21] stated that ‘it is generally recognised that the
definition of fully planing is when the Rt/W curve levels off . . . and the stem trim
has reached a maximum’. With this similarly imprecise definition the data shown in
Fig. 6.18 suggest that fully-planing motion commencesat ¥ = 14ms ™" (= 28 knots).
On the other hand, Mandel [22] considered the craft to be fully planing when ‘it
ceases to be buoyantly supported and becomes completely dynamically supported’.
Clement and Pope (5] found this occurred when Fry = 3.5.

We can infer from the results of Fig. 6.18 that this criterion applies for
¥=>20ms~" (=40 knots), which is at the upper limit of the level portion of the
R /W curve.

Qur definition is similar to that suggested by Mandel but we know that the craft
cannot cease to be buoyantly supported. What, then, is the magnitude of Fy, cosa/W
(= Fn/W for small &) which could be taken as a reasonable criterion for the incep-
tion of ‘fully’ planing (for only then can we use our design data with accuracy)?
Now if Fr/W becomes very small the craft simply skims over the water surface, as
may be observed in ‘power-boat’ races. Should the craft then encounter a disturb-
ance such as a gust of wind or surface waves the hull may emerge completely from
the water and become airborne for a short period. When this action occurs repeatedly
the craft porpoises violently. The ride becomes extremely uncomfortable, control is
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poor and structural damage to the hull often takes place. It has been known for
some craft to ‘flip’ right over and break up.

Some idea of the relative magnitudes of F,/W and F\/W can be obtained by
referring again to Fig. 6.18. The curve of induced drag-to-weight ratio (aFy/W) and
trim angle a imply values of Fy from about 0.5W at 15m s~ (= 30 knots) to
about 0.75W at 20-25ms™} (=40-50 knots). The vertical component of the
hydrostatic force must therefore vary between 0.5 and 0.25 W over the same speed
range. (The components of propulsor thrust have been neglected.) Newton suggested
that porpoising would occur when F is greater than 25 m 57! (2 50 knots) for this
craft. The practical maximum value of Fy is therefore 0.75 W and is achieved at
20m s~ (240 knots). Du Cane’s calculations [11] for a somewhat smaller boat
and a length-to-beam ratio of 5.5 show that at the design speed of 21 ms™* (=42
knots) the dynamic force Fy, = 0.5 W.

63 Hydrofoil Craft

Unlike the main hull of a planing craft that of the hydrofoil boat is completely
clear of the water at high speeds. Hydrodynamic supporting forces are developed on
fully — or partially — submerged extensions of appendages fixed to the main hull.
The supporting forces result from a suitable distribution of pressure on the wetted
surfaces (the hydrofoils) once the craft is in motion. Figure 6.19 shows two typical
configurations of hydrofoil craft. The foils, attached by struts to the hull, may
either pierce the water surface, or be totally sut d,orbea bination of
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both. Further, the main load-bearing foils may either be well aft (the canard con-
figuration), or well forward (the conventional aeroplane configuration).

The performance of a deeply submerged hydrofoil is equivalent to that of a
geometrically similar, isolated aerofoil operating under dynamically similar con-
ditions. However, at high speeds the behaviour of a hydrofoil raises problems which
can be solved only with reference to specially designed lifting sections. It is worth
pointing out here that although the hull itself is clear of the water the struts, foils
and often the propulsor are submerged. These will, therefore, contribute a small
buoyancy force to augment the hydrodynamic lift force supporting the craft.

6.3.1 Generation of Lift Forces

The lift force on a hydrofoil (or an aerofoil) is defined as that component of the
resultant hydrodynamic force which is perpendicular to the direction of the on-
coming mainstream velocity. It is worth noting that the lift force may be upwards
or downwards, although for a supporting force in horizontal motion we would
require an upward vertical lift force. The process by which a lift force is generated
on a hydrofoil is fundamentally different from that used by a planing hull to produce
a supporting force F,, Let us first postulate that the flow about a stationary, deeply
submerged body is steady and irrotational. (It may be recalled that the term ‘irrota-
tional” implies that no element of the moving fluid undergoes a net rotation.) Since
rotation of a fluid particle can be caused only by a torque applied by shear forces
on the surface of the particle it follows that in our model shear forces are absent
and so the fluid is inviscid. Suppose the body is a long cylinder of uniform, circular
cross section set at right angles to the oncoming flow which is of infinite extent.
The streamline pattern about a central section of the cylinder appears like that
shown in Fig. 6.20(a). Symmetry of the pattern about the axes xx, zz shows, by
the application of Bernoulli’s equation, that the net forces perpendicular to xx (lift)
and perpendicular to zz (drag) must both be zero.

To obtain a lift force it is essential that the streamline pattern about the xx axis
should be unsymmetric. This could be achieved by distorting the cross section of
the body or by inducing an additional circulatory flow component. If the velocities
of the fluid relative to the cylinder over the upper surface of the cylinder are greater
than those on the lower surface then Bernoulli’s equation shows that the mean
pressure on the lower surface is greater than that on the upper surface. A transverse
force, in this case a vertical upward (lift) force, is developed as shown in Fig. 6.20(b).
The flow is still symmetric about the zz axis and so drag remains zero.

Theoretically, the streamline pattern shown in Fig. 6.20(b) can be obtained from
the superpasition of a uniform stream and a doublet (which when combined repre-
sent the uniform flow about the cylinder) and an irrotational vortex representing a
circulatory flow [23—25]. It may then be shown that the lift force per unit span of
the cylinder is given by

lift/span = pT'¥ = L’ (6.27)
where p is the density of the fluid, V is the mainstream approach velocity and I'is
the circulation and corresponds to the strength of the irrotational vortex. We adopt
here the convention that positive circulation corresponds to a lift force along the
upward perpendicular to the approach flow velocity vectort. Equation (6.27) was

1 This sign convention is more suitable for our present purpase; it is not universal and the reverse
is often used [ 23].
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obtained first by Kutta and independently by Joukowski for bodies of arbitrary
shape, and the result is often called the Kutta—Joukowski law. Joukowski showed
also that the pattern of flow round a cylinder of circular section can be used to
deduce the pattern for a body of different (but mathematically related) shape.
Using a suitable conformal transformation [24] the body so derived can take the
form of a hydrofoil which is symmetric about a mean line (which need not be
straight). Velocities and therefore pressures on the surface of the hydrofoil may
thus be calculated fairly simply.

Let us now refer specifically to hydrofoil sections of infinite span (i.e. infinite
length perpendicular to the plane of the paper) and suppose we transform the flow
pattern of Fig. 6.20(a) to that of Fig. 6.21(a). There is no lift force on either the
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cylinder or the hydrofoil. Whereas for the cylinder the two stagnation points S,
and S, lie on the line # =7 and & = 0 respectively, the relative positions of the
corresponding points Sy and 3 on the hydrofoil depend on the angle of incidence a.
It may be seen in Fig. 6.20(a) that the result of the transformation is an aerofoil
with a sharp (often cusped) trailing edge. However, even for an inviscid fluid, the
required instantaneous change in direction cannot actually be sustained. Further-
more, for real fluids the flow over the under surface of the hydrofoil suffers a
continuous dissipation of energy by shear stresses in the boundary layer. As a result,
the fluid possesses insufficient energy to move round the sharp trailing edge in order
to reach the stagnation point S; and so breaks away from the surface of the foil.

Actually, the only stable position of S; is ar the trailing edge and the flow pattern
of Fig. 6.21(a) lasts only for an instant once motion begins. Now the movement of
S; to the trailing edge of the hydrofoil corresponds to a shift of the point $; on the
cylinder (Fig. 6.20(a)) from @ = 0 to 8 < 0, that is, below the xx axis. Reference to
Fig. 6.20(b) shows that a clockwise (and by convention positive) circulation is
reqaired with the result that §, moves 10 a position corresponding to # > w, that is,
again below the xx axis. T ion of the modified pattern to that for the
hydrofoil is shown in Fig. 6.21(b). Thus for stable conditions a circulation round
the hydrofoil must be established, and its magnitude depends on the extent to
which the rear stagnation point must move to appear on the trailing edge. This is
the ‘Joukowski hypothesis’ which tells us that a circulation about the foil is neces-
sary to produce a lift force on the foil,

To explain how the circulation is generated initially we must draw on the viscous
property of real fluids. The separation of the viscous flow near the trailing edge of a
hydrofoil causes the fluid on the upper surface to move from S, to the trailing
edge. This flow is in the opposite direction to that of the ideal flow and so an eddy,
called a starting vortex, is formed as shown in Fig. 6.22. The starting vortex is
washed rapidly downstream from the trailing edge. However, a theorem propounded
by Lord Kelvin [26] must be satisfied. This states that in an inviscid fluid the cir-
culation around a closed curve, which moves with the fluid so as always to touch
the same particles, does not change with time. Provided that points on the closed
curve are well away from the body, then velocity gradients at these points are
negligible and the effects of viscosity are small. The behaviour of the flow in that
region can then be considered identical with irrotational flow. The vortex induces a
circulation (the bound vortex) so that the net circulation in the closed curve is zero
and 8; moves towards the trailing edge. A lift force is thus developed by the hydro-
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foil. The condition for the circulation in ideal flow to bring S; onto the trailing
edge is called the ‘Kutta—Joukowski condition’. The actual value of circulation
needed to satisfy this requirement is slightly less than that for ideal flow because
the boundary layer effectively changes the shape of the hydrofoil somewhat,

Whenever the flow pattern is altered by changes in incidence angle « (see Fig.
6.21) or some change in hydrofoil geometry, or if the speed F is changed, then new
starting vortices are produced and the circulation adjusted accordingly. The flow
round the hydrofoil ceases to be affected by the starting vortex as the latter moves
downstream to be dissipated gradually by viscous action. Although viscosity is
necessary to generate starting vortices, and therefore circulation, the lift force is
affected little by the magnitude of viscosity provided that the boundary layer is
thin and separation is avoided. Even so, a wake is always formed as the shear flow
in the boundary layer trails downstream and in reality the stagnation peint S,
cannot be readily identified. However, for thin hydrofoils the Kutta—Joukowski
law is remarkably accurate.

The lift force on a hydrofoil can be measured directly by using a force balance
fixed outside the flow system. Alternatively, we can sum the local vertical compon-
ents (i.e. perpendicular to the direction of V) of the shear and pressure forces on
the surface of the foil. But, as we have noted earlier, the local pressure force on the
surface is the major component contributing to the lift force. It is therefore worth
examining a typical pressure distribution on a deeply submerged hydrofoil of infinite
span in a fluid of infinite extent.

Figure 6.23 shows such a pressure distribution for a NACA 4412 section [27]
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Fig. 6.23 Pressure distribution for NACA 4412 hydrofoil section.

set at an incidence angle of 8 degrees to the oncoming flow. The angle of incidence
or, for an isolated hydrofoil (or aerofoil), the angle of attack is the angle o measured
between the direction of the upstream approach velocity ¥ and the line of length
¢ joining the leading and trailing edges of the foil as shown in Fig. 6.23. Positive
values of a correspond to directions of ¥ from below this line. The reference
static pressure p. is taken to be well upstream from the hydrofoil. The flow
round the leading edge of the foil accelerates rapidly from the stagnation point
St to the upper surface which corresponds to large negative values of the pressure
coefficient c,. The effect of the boundary layer is to reduce the curvature of
the upper surface thereby reducing both the ‘peak’ of the curve and the magni-
tude of ¢p compared with that for inviscid flow. Note also that suction pressures
occur over most of the upper surface, whereas positive pressures occur over most of
the lower surface. Now the force per unit span, F,',,on the hydrofoil in the y direc-
tion (Fig. 6.23) is proportional to the area enclosed by the pressure contour, and
the lift per unit span is thus Fycosar. We see, therefore, that suction p provide
a large contribution to the total lift force. This behaviour contrasts with that of
planing surfaces for which ¢}, is always positive on the wetted surface. Towards the
trailing edge of the foil a wake is formed and pressure recovery (to cp =+1) is
incomplete, We might thus take the view that the hydrofoil is effectively extended
downstream to the point where the wake is dispersed. The magnitude of ¢y, at the
suction peak increases with & to produce a large, adverse pressure gradient beyond
the peak. The tendency for boundary-layer separation is therefore increased and
this results in a loss of lift force and a rapid increase in drag force (mainly from the
viscous pressure component).
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6.3.2 Geomerry of Hydrofoil Secrions

In addition to the variation of ¥ and a the geometry of the hydrofoil also affects
its performance. The principal geometric parameters of a hydrofoil section suitable
for low-speed, non-cavitating flows are shown in Fig. 6.24. These parameters may
be identified as follows:

(i) The mean (camber) line is of arbitrary shape (although it is often either
straight, part of a circular arc or part of a parabolic arc) on which lie the centres of
the leading- and trailing-edge circles. These edges are formed by the intersection of
the mean line and the circumference of the circles. The Joukowski transformation
produces a leading edge on very nearly a circular arc but the trailing edge is cusped.
Such a shape is rather impractical and so most designs have a thickened region over
the last 10—15 per cent of the mean line.

(ii) The straight line which connects the leading and trailing edges is called the
chord line of length ¢.

(i) The thickness distribution ¢, which is symmetric about the mean line,
depends, as does the camber, on the conformal transformation used or on the
development of the section from empirical data. For low-speed hydrofoils the maxi-
mum thickness fm is in the range 0.1 < #,,, /o < 0.25 and is located at x/c =0.3; the
maximum camber varies between zero and 0.le and is located in the range
04<x/c<05.

Leading-edge Suction, top, or
circle Thickness UPPer surface
L Mean line
Leading
edge Trailing edge
« <
v
(Cambex Chord line [—Pressure, bottom, or
lower surface
Chord length
x=0 qth, ¢ s

Fig. 6.24 Notation for hydrofoils.

Provided that the foil can be considered thin, that is 1, /¢ < 0.2, the lift force
developed for small angles of incidence is determined primarily by the shape of the
mean line. The thickness distribution which clothes the mean line reduces the
suction peak at a given a and so reduces the possibility of separation. Further
streamlining towards the trailing edge reduces the viscous pressure drag at the
expense of a slight increase in skin-friction drag. Maximum values of the section lift
coefficient, given by

Ci = (lift/span)/ypw ¥2c = L' hpu Ve (6.28)

can reach 1.8 and the ratio of lift force to drag force can be as high as 100, as
shown in [27].
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633 Data for Hydrofoil Sections
A typical set of data (for a NACA 4412 section) is shown in Fig. 6.25 for a given
value of Reynolds number Re(= pw Vc/uw) and a given roughness geometry. The
section drag coefficient is given by Cy, where

Ca = (draglspan)hpu Ve = D'fhpw Ve, (6.29)
and the section moment coefficient is given by C,.,m , where

C...t',‘ = (moment about quarter-chord point/span)/kpw ¥2c?. (6.30)
1t may be shown from thin-aerofoil theory [25, 27, 28] that for inviscid flow, small
a and small camber, C, " is ind of €. The hydrod ic centre, through
which the resultant h;":rmdymmit force acts, therefore lies on a line in the section
which is perpendicular to the chord line at x = ¢/4. The moment about the quarter-
chord point should thus be small, negative (clockwise) and constant, although some
variation does occur owing to the influence of boundary layers.

Thin-aerofoil theory may also be used to show that C) varies linearly with small

angles of & according to the equation

a0
G=G, +°‘(a_o:),=nsc‘° +aay, (631)

2002

-1k

Fig. 6.25 Performance characteristics for NACA 441 2 section.
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where Cy, is the section lift coefficient at o= 0, and is therefore that arising solely
from camber, and ay, is the slope of the lift curve at & = 0.

The effect of boundary-layer separation, which occurs at large @, can be seen
from Fig. 6.25. As o increases C) increases until a maximum is reached from which
we can infer that the area enclosed by the pressure curve of Fig, 6.23 is also a maxi-
mum. There is then a sudden reduction in C; and a rapid rise in Cy as a increases
further, The efficiency of the foil, represented by the ratio C/Cy (= L'/D"), also
drops rlp]ﬂly, but note that the maxjmum value is at an angle oy, 2 6.5 degrees
compared with the incid, angle at separation o, = 14 degrees. Flow separation
may be progressive, starting near the leading or trailing edges and then spreading
over the entire upper surface of the foil as ) increases, as shown in Fig. 6.26, In
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Fig. 6.26 Flow separation on a hydrofoil.
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that case the lift curve is well rounded near the maximum, but if separation occurs
suddenly over the whole surface the Cy curve is sharply peaked. The effect of separa-
tion on the pressure curves is illustrated in Fig. 6.27, and once stall has occurred on
ahydrofoil marked changesin Cp, _,, result. In general, C) increases and Cy decreases
as Re increases in the range 3 x 166't0 9 x 10° thus increasing the maximum G;/Cy.

6.3.4 Hydrofoils of Finite Span

The lifting surfaces of a hydrofoil craft cannot, of course, be considered of infinite
span and it might be thought that the bound vortex must end abruptly at the ends
of the foil. This is, however, at odds with one of the properties of a vortex which
does not allow it to terminate in the fluid except at a solid boundary (as proved by
Helmhaltz and discussed by Kelvin [26]). The difficulty is resolved by recalling
that for a given angle of incidence a, a lift force on the hydrofoil implies that the
pressure on the under surface must exceed that on the upper surface. Fluid must,
therefore, escape round the ends of the foil in the following fashion: outwards to
the ends on the under surface and inwards to the centre plane on the upper surface,
as shown in Fig. 6.28. At the trailing edge the two flows are discontinuous and so
vortices are generated and swept downstream. The vortex pattern is unstable and
the separate vortices tend to roll-up quickly to form two strong vortices with

gths of equal magnitude but opposite sign near the tips of the foil as shown
Fig. 6.29. The bound vortex is not discontinuous at the tips but joins the tip vortices.
In theory, the tip vortices are joined to the starting vortex far downstream to form
a complete vortex ring. Thus, Kelvin's theorem is upheld because the pair of trailing
tip vortices contribute nothing to the net circulation, The complete system is called
a ‘horseshoe vortex’, because in practice both the tip vortices and the starting vortex
are soon dissipated downstream by viscous action. Only the bound vortex and the
forward portions of the tip vortices persist.
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Fig. 6.28 Generation of tip flows.

At the tips of a finite hydrofoil the pressure difference between the upper and
lower surfaces must be zero and, therefore, so must the circulation and lift force.
As a result, we cannot assume that C) is constant along the span and thereby obtain
the total lift force as the product of lift/span and the span. To account for this the
variation of circulation along the wing is assumed to consist of numerous line vortices
of different length bound to the wing, the sum of the strengths of the vortices then
giving the overall lift distribution. Each bound vortex has its own pair of trailing
vortices extending downstream which form a vortex sheet, as shown in Fig. 6.30. This
is the classic lifting-line theory expounded by Prandtland discussed by Glauert [28].
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Fig. 6.29 Vortex system for a finite-span hydrofoil (horseshoe vortex).
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Fig. 6.30 Spanwise distribution of bound vortex strength.

Provided that the aspect ratiof is large, say AR>4, it can be shown that the
spanwise variations of circulation and lift approximate to a semi-elliptical form
(such as that shown in Fig. 6.31) which agrees closely with measurements. Circula-
tion is again regarded as positive when clockwise viewed from along the span of the
hydrofoil with the mainstream flow approaching from the left.

Let us consider for the moment that the flow over a finite foil of constant cross
section is inviscid. The tip vortices induce a downwards component of velocity,
called the downwash velociry v;. This velocity component can be added vectorially
to ¥ to yield a velocity ¥ at an effective angle of incidence & = & — o where
o =arctan(v/¥), as shown in Fig. 6.32. In general v; may vary along the span
although it is constant for an elliptical variation of lift, and since V is constant
along the span then so are both ¥ and o5. We now treat the finite foil as equivalent
to one of equal span but which forms part of an infinite foil set at an effective
incidence angle ap. The lift force is thus given by Lo = fpw VoI dy evaluated over
the span of the foil and is perpendicular to V. The force Lo can be resolved into a
useful lift force L normal to ¥ and a component D, called the induced drag, parallel
to ¥ in a rearward direction. We see, therefore, that although the fluid was d
inviscid and the foil deeply sub d it i a drag p owing to
the presence of downwash. The apparent paradox of drag in an inviscid fluid is
removed when it is realized that the work done against the induced drag appears as
the kinetic energy of the tip vortices which are left behind the trailing edge of the
foil.

+ Here the aspect ratio AR = (span b)/(mean chord length ). If § is the plan area of the foil,
5=b x7and so AR = b*/S as before.
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Lift force

Actual variation

Assumed

variation

=Tl - (2ym)2] 172

Fig. 6.31
For a hyrlmi'oi] in a real fluid D; augments the viscous drag Do. Noting that
v; € ¥ and o is small, and assuming that Do < Lo, we have from Fig. 6.32
L=Lgcosog=Lg (6.32)
D =Dy cosey +D; = Do +aylp. (6.33)
For an elliptic load distribution in the spanwise direction

¥/Vo = constant = D;/Lo
that is,
D; =vLo/Vo. (6.34)

o,

Fig. 6.32 Generation of induced drag.
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Furthermore, it can be shown that [29]
¥i=lm/2b (6.35)

where [y, is the circulation at the mid-span of the hydrofoil (see Fig. 6.31). There-
fore, from Equation (6.27)

[+b/2 ~+b/2 _
o=\ euVordy=puve | Tmll - GoY)'dy
-of2 J-bj2
br b*n
=pw Folm == pwVori =5~
i.m Equation (6.35). Whence
ao
pwlf'qﬂbl '
and thus from Equations (6.34) and (6.36)
2 (Le\'_ 2 (.r.)’
Dpe——p| 0 ) =gl = 6.37
U pwmh (Ve) pwmb® \ ¥ (637)

using the similar triangles in Fig. 6.32. Division by 4p., ¥2S yields the dimensionless
coefficients

" (6.36)

Cp,=C} (%) =CL/(aAR). 6.38)
Also,

& = arctan(vy/¥) = arctan(Dy/L) = arctan(Cp,/Cy)
=Cy f(nAR) (radian measure). (6.39)

Division by 4p,, V2§ throughout Equation (6.33) yields
Cp =Cp, +Cp; = Cp, + CLI(nAR). (6.40)

Note that the profile drag coefficient Cp, is the value of Cp when either Cp, = 0 or
= oo since in either case the downwash velocity is zero and so, therefore, is the
induced drag.

Equation (6.38) allows us to separate out the effect of induced drag from Equa-
tion (6.40). Data then obtained for one aspect ratio can be converted to those for
foils of the same section but a different aspect ratio. This process of conversion is
illustrated by Prandt! and Tietjens [29]. The equivalence we have adopted between
the flow over an infinite wing at an angle & and that of our finite wing at an angle
g means that we can write

CL = a(@y)ar = Cry = 0o(a1y) m=w (6.41)

where 4, is the slope of the lift curve and angles of incidence are measured relative
to the datum for zero lift. Furthermore

ag =a— o = a— Cp/(nAR). (6.42)

Google i



Steady Motion at High Speeds | 281
From Equations (6.41) and (6.42) it is easy to show that
LI S
@)e (@)m== 1R’

The slope of the lift curve at zero angle of incidence for unit span of an infinite-span,
thin aerofoil in inviscid flow may be shown to be 2n/radian (2= 0.11/degree).
Equation (6.43) can thus be arranged in the form

(@) =2m (-2‘;!—;‘1) (6.43a)

For a given €, and section geometry, values of Cp and a for an aspect ratio AR are
related through Equations (6.40)—(6.42) to Cp and o for an aspect ratio AR’ as
follows, for ag = ag

(6.43)

P A (O I
Cp=Cp+ = (/R’_A{) (6.43b)
cf1 1
+ = (mﬁﬁ) (6.43c)

Evidently, the slope of the lift curve decreases as aspect ratio decreases and so it
might be expected that foils of large aspect ratio are the more efficient lifting sur-
faces. Unfortunately, there is considerable difficulty controlling foils for which
small changes in a produce large change in Cy. To satisfy both the limitations of
strength and the susceptibility of damage to foils of large span, aspect ratios of
between 3 and 4 have been adopted for practical hydrofoil craft. In order to attain
a high lift force for a limited span, the plan area of the foil can be increased with
sweepback accompanied by a reduction of chord along the span (taper) to reduce
local bending moments. However, the finite foill may suffer from substantial
boundary-layer separation emanating from either the junction between the strut
and the foil or from the tips depending on the spanwise lift distribution.

6.3.5 Hydrofoils Close to a Free Surface

Hydrofoil lifting surfaces attached to high-speed craft do not usually operate deeply
submerged — they may actually pierce the interface. A satisfact ry design must
incorporate an acceptable blend of the following issues:

(i) The clearance height between the hull and the air—water interface must be
great enough to avoid contact between the hull and the wave crests.

(i) The size of the strut must be consistent with structural and low drag require-
ments.

(iii) Fouling between the foils and the sea bottom or jetty wall during docking
restricts the length of the strut.

The principal characteristics of low-speed hydrofoils operating close to the
surface are similar to those for deeply submerged ones. However, some differences
in the flow pattern will occur owing to distortion of the air—water interface, while
at higher speeds the performance of the foil may be affected by cavitation and
ventilation. A detailed discussion of these matters has been presented by Eames
[30], and we shall be content here with a general outline of the effects.
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(a) The Dependence of Lift Force on Depth

The flow pattern about a hydrofoil must satisfy the condition of no flow across the
interface at which the (atmospheric) pressure is usually constant. Now, for positive
angles of incidence high velocities, and therefore low pressures (below the corres-
ponding hydrostatic pressure), are developed adjacent to the upper surface of the
foil. These low pressures are transmitted through the water so that a depression
oceurs at the interface which in tumn interferes with the flow over the top of the
foil. As a result of this blockage effect the fluid velocities over the upper surface of
the foil are reduced leading to a concomitant increase in the surface pressure there.
Hence, both the lift force and the slope of the lift force—incidence angle curve are
less than the corresponding magnitudes for the same hydrofoil deeply submerged.
The extent of the interface distortion increases as the depth of immersion decreases.
Thus, the lift coefficient of a foil at a given incidence angle decreases as the foil
approaches the interface. The significant changes take place over a depth approxi-
mately equal to the mean chord length of the hydrofoil. This behaviour is known as
the ‘depth effect’ and can be used in some cases to ensure equilibrium of a hydro-
foil craft at various speeds, as will be discussed later.

(b) Cavitation on Hydrofoils

When the absolute static pressure p of a liquid is reduced the (absolute) vapour
pressure p, may be reached at which the liquid boils and vaporizes. There are, of
course, regions of low pressure on the foil where bubbles and vapour-filled cavities
may develop rapidly giving rise to cavitation. In principle, cavitation commences
when the local absolute pressure

P<py
or,

P-Pv
i 1Vl <0 (6.44)

where o is the cavitation index (or number), ¥ is the velocity of the foil relative to
the liquid well upstream and py is the density of the liquid which we shall consider
to be that of water, p,,. For several reasons the actual inception of cavitation starts
before p is reduced to py. Small, solid particles in, for example, sea water act as
nuclei for the vapour bubbles and so encourage premature inception. Air bubbles in
the water act similarly and further influences arise from the surface roughness of
the foil, turbulence of the flow, three-dimensional flows over the foil owing to end
effects, non-uniform temperature distribution in the liquid and so on. In other
words, inception commences when

0sa,
where o is a critical value obtained empirically.
A pressure coefficient has been defined, in Fig. 6.23, as
e -P=P
T
where in the present case p. is the upstream, absolute hydrostatic pressure at a
depth corresponding to that of the hydrofoil. Thus, cavitation begins when

(%ffcp) <o (6.46)

(6.45)
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Rearrangement of this equation yields the critical velocity

i 172

Ve= ( _P:J'_) (6.47)
!ﬂw(ac o ‘-'p)

and cavitation occurs at all velocities ¥ > ¥, Equation (6.47) shows that to increase

V. it is necessary to increase p=, that is, to immerse the foil deeper in the water, or

to reduce the maximum suction pressure on the hydrofoil surface.

The following example indicates the limitations imposed by the onset of cavita-
tion. Suppose that a foil is fixed so that the suction peak on the upper surface of
the foil corresponds to ¢, = —1, a modest value. Assume further that g = 0 and the
depth of immersion h = 1 m. Now if the ambient atmospheric pressure at the inter-
face is constant at 100 kPa,

P = pugh +10° Pa 2 110 kPa,
and so with p, = 1.8 kPa for sea water of density 1025 kg m ™, we have

1082x10° \W2 "
= (m) ms~! =14.5ms " (2 28 knots).

When cavitation bubbles are formed near to the surface of the foil they may be
swept downstream into the wake. Some remain close to the foil and then collapse
violently on reaching regions of higher pressure, especially near to the trailing edge
of the foil. Local instantaneous pressures may be as high as 400 MPa (= 4000 atmos-
pheres) and it is the shock waves that emanate from the severe impact loading which
cause widespread erosion of the material forming the struts and foils. Furthermore,
extensive structural vibration and considerable noise generation accompany cavita-
tion in addition to a sudden drop in lift and increase in drag. Instead of remaining
individually identifiable the bubbles often coalesce to form a sheet enveloping the
complete suction surface of the foil so that the surface is no longer in direct contact
with the water. This condition is referred to as ‘supercavitation’.

The preceding numerical example shows that the dependence of ¥ on depth of
immersion is rather small. In any case, strength problems limit the length of support-
ing struts in addition to the undesirability of excessive draught. An increase in the
ratio of foil area to all-up weight would reduce the hydrodynamic loading. However,
the aspect ratio of the foil is limited because a craft with excessive underwater
beam is vulnerable to damage and difficult to dock. Some hydrofoil sections have
been devised to avoid large suction pressures at moderate angles of incidence and
these have a more even distribution of pressure on the suction surface. By thus
delaying cavitation the maximum operating speed of conventional foils can be
raised from 20m s~ " (= 40 knots) to, say, 30 ms~" (= 60 knots). Some typical
shapes of hydrofoil sections are shown in Fig. 6.33.

For speeds above 30 m s~ ! (= 60 knots), a radical change in the design of hydro-
foil sections is necessary. The curved wedge section was developed by Tulin [31]
to p cavitation delib ly so that the flow encloses a large cavity over the
upper surface as indicated in Fig. 6.34. The sole supporting force is derived from
the positive pressure distributed over the lower surface and little useful lift compon-
ent is generated by the upper surface. The shape of the upper surface may thus be
chosen to satisfy manufacturing tolerances, strength requirements, ete., provided
that it remains covered by the cavity. The leading edge is sharp to induce a large
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&

Sub-cavitation: < 20ms~" (= 40 knats)

I e

Delayed cavitation: 20-30 ms~' (= 40—60 knots)

__-_-:“_—_'____:

Supercavitation > 30 ms~" (= 60 knots)

Fig. 6.33 Types of hydrofoil section.

suction peak and ipi i di itation. It is possible to design the lower
surface to generate an acceptable lift force without incurring excessive drag in the
supercavitating range. Even so, all hydrofoil craft must operate at low speeds during
the run-up to the full-flight, cruise régime during which the supercavitating hydro-
foils will have a poor performance.

The flow p:ﬂ.em illustrated in Fig. 6. 34 shows some resemblance to that past a
planing surface, F , the itating foil is fully sub d and the cavity
forms a free surface ‘cut am by lhe foil nuelf thus avoiding the buffemng by waves
at the interface which planing craft suffer. Moreover, wave-making drag is absent
although the cavity drag will constitute a large wmgon:nl of the total drag force
on the hydrofoil. At speeds in the range 25-35m s~ (= 50—70 knots) neither the
delayed cavitation nor the supercavitating foils are really satisfactory especially for
operating in waves. One solution to the problem has been found by operating the
hydrofoil with its suction surface (i.e. the upper surface) partially vented by air, as
discussed in the following section.

(c) Ventilation on Hydrofoils

Early investigators of hydrofoil craft observed the ph of air ent

or venrilation, as it is often called [32]. The result was a sudden loss of lift, and
although the precise nature was not understood practical techniques were developed
to restore normal conditions, The low pressures on the top surface of a hydrofoil
may be sufficient to draw down the air—water interface to meet the foil. Instead of

Vv

Cavity

Srfacg

Fig. 6.34 Curved wedge section for supercavitating operation.
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Illl"’l’ll Lo
::E:

Vortex

Ventilation on
surface-piercing foil

b}

Fig. 6.35 Ventilation on hydrofoils.

the foil being fully sub d it is now sub ially enveloped by air and the
“contribution to lift by the suction pressures is almost totally lost. The effect is
shown in Fig. 6.35(a), and Fig. 6.35(b) shows how ventilation can occur on surface-
piercing hydrofoils. Ventilation is not, however, confined to foils operating in the
proximity of the interface. A sheet of air bubbles can form over the aft part of the
suction surface of the foil if a ‘suitable’ path exists along which air is drawn from
the atmosphere. The definition of a suitable path is imprecise but it is often provided
by the strut, especially if the boundary layer has sep d from it, or the foil [33].
Another flow path is provided by the clearance between the strut and the shaft
used to adjust the setting angle of the foil (and therefore the incidence angle) as
shown in Fig. 6.36. It is by controlling the flow of air from the atmosphere to the
upper surface of the foil that has proved successful in adjusting the lift on hydro-
foils to allow stabilization of the craft in the vertical plane [34]. The foils are
equipped with pipes so that air can be sucked in at a flow rate controlled by valves
operated by sensors which detect the depth of immersion (see Fig. 6.37).

It is generally considered (e.g. [35, 36]) that the dynamic stability of a hydrofoil
craft in unsteady motion is probably the most important single design problem.
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Air-flow
path

Fig. 6.36 Constantly vented foil.

Fig. 6.37 A scheme for controlled ventilation.

Owipg to the significant orbital velocities of waves (see Chapter 2) the foils may be
subjected to large and rapid changes of incidence angle and therefore loading. The
problem is particularly serious in a following sea for a craft with surface-piercing
foils when inefficient control of lift forces can result in a sea crash [32, 37]. Compli-
cated combinations of cavitation and ventilation, both of which are influenced by
boundary-layer separation [38], may also result. These problems were encountered
during the development of the Bras d'Or, an open-ocean, anti-submarine, prototype
hydrofoil ship of some 2.1 MN (== 212 tonf) all-up weight and 46 m (= 150.75 ft)
overall length [39]. The stability problem was largely solved by adopting a specially
designed superventilated foil [40]. Spoilers were fixed to the upper surface of the

foil (as shown in Fig. 6.38) which d boundary-layer separation and pre-
Spoilers
Leading
edge Trailing
edge

Fig. 6.38 Superventilated foil with spoilers.
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vented re-attachment of the flow at low angles of incidence. Ventilation could thus
be sustained over the widest possible range of incidence angle, depth of immersion
and forward speed. The lift curves for the foils were then continuous with a small
slope for operating incidence angles. Of course, drag was high and so the device was
used only for the small front foil (the Bras d’Or had a canard arrangement of foils).
This foil supported about 10 per cent of the all-up weight and operated primarily
as a steerable direction controller but it could also adjust the trim of the craft.

A series of systematic tests and analyses, described in [41], have helped to
enabllsh more precisely the principal factors which affect ventilation. Compared
with ter per the of surface waves was found to reduce
the angle of incidence of a strut at which ventilation commenced. It was found
that the factors favourable for ventilation in a head sea occur at a crest, but fora
following sea ventilation may occur at a trough or at other points in the wave
system. The results from model tests seemed very sensitive both to small imperfec-
tions on the surface of the strut and to slight variations in experimental procedure.
Thus, although at cruise speeds in a seaway ventilation on surface-piercing foils may
be impossible to prevent its spread is controlled by fixing solid barriers or ‘fences’
perpendicular to the span as shown in Fig. 6.39.

Further details on cavitation and ventilation, her with a
bibliography, are given by Acosta [36].

Fence

Trailing
Leading edge
edge
Fig. 6.39 Hydrofoil equipped with a fence.

6.3.6 Forces on a Foil-borne Vehicle in Steady Motion

The clearance between the hull of the craft and the water must be sufficiently great
so as to avoid physical contact. The vehicle may then maintain a mean clearance
mlmv: to the still-water level ina mode called platforming, as shown in Fig. 6.40.

B requires of the foil incidence angles as the
craft proceeds at a steady forward veioclty and a constant trim angle.) In reality,
platforming occurs only in ca]m waters and it is reasonable to expect that in open
waters g Or some diate will take place as indicated in
Fig. 6.40. Ideally, the intermediate n:spcmse is sought so that the hull just misses
the crests yet the foils remain immersed at the troughs.

Our primary purpose now is to examine the equilibrium conditions for the craft
cruising steadily and fully foil-borne. Nevertheless, it must be recognized that for
many such craft, particularly those adopted for military assignments, the foil-borne
state exists for relatively short periods of time, Foils are used only as a ‘dash’
facility and for normal patrol duties a conventional displacement mode is employed.
However, the hull shape is one designed for fast lift-off from the water and so is not
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Piatforming

Contouring

Intermediate operation
Fig. 640 Response of hydrofoil craft in waves.

necessarily conducive to good low-speed performance. Furthermore, as a displace-
ment craft the foil systems including the struts may all be fully submerged thus
constituting a large increment of drag. This appendage drag can be eliminated by
incorporating separate port and starboard foils which can be retracted from the-
water and held aloft. The USS Plainview is of this type and is, incidentally, the
largest hydrofoil boat built so far being 2.9 MN (= 290 tonf) all-up weight and
64 m (== 210 ft) long. The case for commercial types is different; for these high-
speed operation is used most of the time for transportation between ports and hull-
bome motion occurs only during docking.

The forces acting on a foil-borne craft of simple fully submerged foil configura-
tion moving steadily forward are shown in Fig. 6.41. The craft moves parallel to its
vertical plane of symmetry and so no side forces are developed.f The hull is sup-
ported clear of the water by a foil (or foils) forward of the centre of gravity G and a
foil (or foils) abaft G. We may assume that in ‘flight’ the submerged foils and struts
displace a negligible volume of water and so buoyancy forces are far smaller than

1 In the case of a surface-piercing hydrofoil craft (Fig. 6.19) the lift force, which is perpendicular
to both the direction of motion of the craft and the span of the foil, must have components
vertically upwards and horizontally inwards to the itudinal centre plane. A ing that the
motion is parallel to this plane and that both foils are symmetric then the horizontal compon-
ents of the lift force cancel for each foil and we are left only with the vertical component. This
component for each set of surface-piercing foils is usually referred to as the lift force.
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WL, : Foil-borne water line WL;: Hull-borne water line
(at maximum speed)

Fig. 6.41 Forces on a hydrofoil craft in steady motion.

dynamic lift forces. The latter forces on the forward and aft hydrofoil systems total
L and L, respectively, and the corresponding drag forces are Dy and D,. It is quite
possible for an aerodynamic lift force Lyero to act at the aerodynamic centre A of
the hull; the corresponding drag force is Dyero. At very high speeds, say above
30m s~ (=60knots), the aerodynamic drag can become an appreciable proportion
of the total drag. For equilibrium, the all-up weight W will be balanced by the total
1ift L* and the propulsor thrust T equals the total drag D*, that is

L*=W=L,+Le+Lyero (6.48)
D* =T =D, + D + Dyero. (6.49)

Let us suppose that elevations measured from the horizontal plane through G are
given by z identified with appropriate subscripts as shown in Fig. 6.41. Taking
clockwise moments as positive the resultant moment about a horizontal axis through
G perpendicular to the plane of the diagram must be zero for equilibrium, that is

laLy + 23Dy + 2Dt — ItLg — haeroLaero — ZaeroDaero — 21T =0.  (6.50)

With the reasonable assumptions that z,, z¢ and z1 are more or less equal and Zgero
and Ly.y, are often small, Equation (6.50), with the aid of Equation (6.49), reduces
to

Lyg
ly=—1I. 6.51
b=k (6.51)
Although the forms of these equations are quite simple the estimation of the lift

and drag components is far from straightforward, as we have already seen.
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The location of G depends on weight distribution, propulsion systems, opera-
tional requirements, trim at rest and so on. The positioning of the foils depends
primarily on the ability to generate supporting forces, on the control of motion at
transient and cruise speeds and on the adjustment of trim angle. Good manoeuvr-
ability leads to one foil (or set of foils) being positioned so that a large moment is
imposed on the craft but large control forces within the craft are avoided. Conse-
quently, one foil system develops, at high efficiency, a lift force which is close to G
and a large proportion of W. The second foil system develops a small lift force at
some distance from G and is often a relatively inefficient lifting surface. This arrange-
ment determines the canard and aeroplane configurations, each being associated
with both fully submerged and surface-piercing foil systems. Fully submerged foils
are affected little by the presence of moderate waves, provided that the foils are
not too close to the interface, but the craft is inherently unstable vertically. Con-
tinuously operating incidence control on flaps must be incorporated in the design
to counter the effects of lift variation during forward motion. In contrast, surface-
piercing foils are certainly affected by waves which results in a harder ride, a
considerable loss of speed and a lower longitudinal stability in a following sea, but
lift control is far simpler. The characteristics of some significant hydrofoil craft are
shown in Table 6.2.

To specify the conditions necessary to achieve and sustain steady motion we
introduce the total lift coefficient C# based on the total plan area of the foils S*.
Thus from Equation (6.48) we have

L*=W=Ly+Le=ClipuV?s®)
that is,
2w
.UWVI

and, for simplicity, Lger, is taken to be small. For a given vehicle of constant weight
it is necessary to vary the product §*C} in order to secure equilibrium at different
forward speeds.

The plan area of fully submerged foils cannot be changed (retractable flaps have
not been used to date) and so it is necessary to control Cf, for example, by changing
the incidence angle. If the foils are fixed relative to the hull then changes of incid-
ence angle result only from changes in trim angle. Clearly, only limited control can
be achieved in this way to avoid passenger discomfort at excessive trim and the
possibility of the forward foil(s) broaching the interface. A better, but more com-
plicated, method involves the adjustment of foils pivoted to the struts. So that
accidental (and uncontrolled) air entrainment is avoided the pivot attached to the
control linkage must be located towards the rear of the foil in a region where suction
pressures are small, This, however, places the pivot well aft of the centre of pressure
of the hydrofoil section (see Fig. 6.36) and so control forces may become excessive.
To avoid this difficulty the span of the hydrofoil may be swept back and the foil
tapered, as shown in Fig. 6.42. The section lift forces, which act approximately
through the quarter-chord line, produce only a small moment about the control
pivot because, forexample, Ly and L3 are designed to yield nearly equal but opposite
moments.

Trailingedge flaps, hinged to the main hydrofoil, may be used to increase the

S*Cl=

(6.52)
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Fig. 6.42

camber, It is then feasible to maintain a constant trim and depth of foil immersion
by adjusting independently the forward and rear foils. The US Navy craft Plainview
and High Point, described by Elsworth [42], employ incidence and flap control
respectively. The rear foils of the Supramar PT50 and PT150 are both fitted with
flaps. A study of a naval version of Jetfoil (designated 929—115) for use as a
Fisheries Patrol Vessel (FPV)in the North Sea hasbeen completed for UK operations
[43]. As a result, a hydrofoil FPV named as HMS Speedy has undergone a trials
period with the Royal Navy. In the canard arrangement the front foil is steerable
and the boat can bank into a high-speed turn by operating, differentially, the trailing-
edge flaps on the main foil, Technical details of these and many other hydrofoil
craft may be found in [44].

The product S*C? can also be changed by varying S* but keeping C? constant.
This is the operating principle of the surface-piercing foils and stepJadder foils
(now largely superceded) shown in Fig. 6.43. In both cases, as the forward speed is
increased, say, and C7 is constant the craft tends to rise because L* > W. However,
as the craft rises less of the foil surface remains in the water and so §* decreases to
restore the equilibrium equation L* = W. (The development of these systems has
been described by Crewe [45], Hook and Kermode [32], Eames [30], and others,)
Surface-piercing foils can also be fitted for incidence control and/or flaps, as for
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the Bras d'Or, and this system, although very complicated, has been shown by
Eames and Drummond [46] to be extremely effective in quite severe seas. The
surface-piercing system also has the advantage of good lateral stability and control.
Owing to the of dihedral andfor anhedral (defined in Fig. 6.43) quite large
restoring forces come into play should lateral disturbances arise. Only the supporting
struts provide lateral restoring forces for submerged foils unless anhedral is incor-
porated, as shown in Fig. 6.44. Dihedral cannot be used otherwise broaching takes
place when heeling during a tight turn and the craft then experiences a sudden loss
of lift.

Foil broaching
surtace

Broaching
avoided with anhedral
foils

Fig. 6.44

The depth effect, discussed earlier, is used extensively in the USSR for operation
on rivers, lakes and inland seas [37]. Many hundreds of hydrofoil craft are used in
the USSR and other East European countries, including one type which has carried
over 300 passengers. An increase in the forward speed makes the craft rise in the
water and the reduced depth of immersion, in a region already close to the interface,
causes Cf to decrease. A series of equilibrium depths is thus established, but as the
range of depths is small over which the depth effect is significant the method cannot
be used reliably in a seaway. Eames and Jones [39] quote the following approximate
relationship for the effect of depth on the lift force developed by a surface-piercing
foil of rectangular plan area:

L=§ﬂwV’ [c2(§+i)col'rcosr]2ﬂa, (6.53)

where « is the angle of incidence measured in the vertical plane, ¢ is the chord length
of the foil, v is the angle between the foil and the water plane (see Fig. 6.43) and A
is the depth of immersion of the lower tip of the foil. We see that in Equation (6.53)
the terms in braces constitute an ‘effective area’ of the foil, and, further, the lift
force varies linearly with both h and a.

6.3.7 Hydrofoil Vehicle at "Take-off’

A gradual increase in forward speed from rest will change the operation of a hydro-
foil craft from a conventional displacement mode to a condition in which buoyancy
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forces are negligible and dynamic lift forces are large. At some particular speed the
hull will be just clear of the water and the craft is then said to be foil-borne at the
‘take-of " speed. We can thus define the take-off speed as

2m/st,
Vs = (6.54
7 pwCh, )

where the subscript ‘to’ refers to take-off. This speed is not, of course, the cruise
speed for then a clearance of several metres from the still-water level is required to
avoid violent impact with spray and waves. It is advantageous to achieve take-off at
the lowest speed possible to minimize hull drag and appendage drag and thereby
operate at optimum expenditure of propulsive power. According to Equation (6.54),
V1o is lowered if S is kept large. as it is for the surface-piercing foil, andfor €1,
is kept large by adjusting the main-foil incidence angle or flap poml.lun The incre-
ment of lift force coefficient from the flaps Clp,, (= Lhap/tpwS*F?) is constant
at small o, and so for each foil system

Clo =CEy + Clap * 2,0 (6.55)

in analogy with Equation (6.31), for example, Take-off speeds for several craft are
shown in Table 6.2, where those with surface-piercing main foils can be seen to
have the lowest take-off speed.

Two procedures can be envisaged for the take-off manoeuvre, the choice depend-
ing on the comprehensiveness of the control system. Suppose the main foils are fixed
to struts at a constant angle which corresponds to the incidence angle at the cruise
speed. The boat can then be accelerated to the take-off speed with the main foil
flaps deflected to the take-off setting. The bow foil, say, can be used as a control
foil to raise the bow so that the vehicle rotates to a larger trim angle. When the
main-foil incidence angle is &, take-off will follow. This method is similar to that
used by aircraft. Large changes of trim are implied, and this is a characteristic
unsuitable for vehicles carrying weapons and uncomfortable for passengers in com-
mercial craft.

Alternatively, if all the foils are fully adjustable for incidence mg!e then oo can
be pre-selected. As the forward speed i the craft mai a trim
and simply rises in the water until take-off is achieved. Further adjustments to «
then allow the craft to proceed at a given trim angle and water clearance for any
speed between take-off and the maximum attainable.

6.3.8 Drag Force ona Hydrofoil Vehicle

The hull of a hydrofoil craft is often of the planing<raft type to help increase
dynamic lift at speeds just below that corresponding to take-off. Until take-off
occurs the total drag force D* on the craft rises steeply as shown in Fig. 6.45. This
behaviour is typical of medium-size craft for which the appendage drag arises from
the support struts, shafting, transmission pods and so on. It is only beyond the
onset of cavitation that the total drag force rises above the peak corresponding to
maximum wave-making drag (the primary hump).

When the hull is clear of the water it is susceptible to both spray drag and aero-
dynamic drag, although these are reduced by streamlining the craft. The drastic
reduction of hydrodynamic-induced drag, as « is decreased, and the reduction in
hull drag with higher forward speeds, show as a drop in the total drag force. At
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Fig. 645 P istics of a hy il craft of length 30 m (= 100 ft).

speeds above take-off the power requirement rises less steeply than it would for
hull-borne operation, but again increases rapidly at the higher cruise speeds until a
condition is met where the available power at a steady design cruise speed is given
by
Paes = TVaes = D*Vyes. (6.56)

The effectiveness of supercavitating foils is also shown in Fig. 6.45 where their
superiority over subcavitating foils at high speeds is clearly demonstrated, Indeed,
the usually adopted limit for subcavitating foils is Fr= FA/(gLwi) < 1.6 where
Lwy is the water-line length of the hull for the craft at rest.

At the steady foil-bomne cruise speed we can express the total drag coefficient in
the form,

CB = CB, +CB = D*[tpus*V? 357

from Equation (6.40). The coefficient Cﬁu includes contributions from spray drag
in addition to the viscous pressure (profile) drag from the foils and struts. These
forces can be considered independent of ¥, but the contribution from skin-friction
drag reduces slightly as forward speed increases. Mandel [22] has given the following
breakdown of drag for a large hydrofoil craft when cruising steadily at about
22.5ms™" (45 knots):

skin-friction drag coefficient =0.007 (36 %)
spray drag coefficient =0.004 (21 %)
form drag coefficient =0.002(11%)
profile drag coefficient C3; =0.013 (68 %)
induced drag coefficient C5; =0.006 (32 %)
total drag coefficient C3 =0.019 (100 %)
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For this example, the lift coefficient Cf was 0.24 and the wave-making drag was
assumed Lo be negligible. Thus, the drag-to-weight ratio C3/C? = 0.079, and at the
cruise speed this ratio is seen to be about one-half the value of the analogous quan-
tity R/W for the planing craft whose performance is shown in Fig. 6.18 and about
one-third of the value for the craft with the performance shown in Fig. 6.15.

1t might be supposed that hydrofoil craft are particularly susceptible to damage
from floating debris. If a strut were badly damaged, or even removed in collision,
the result could be disastrous with possible capsizing. Perhaps surprisingly, Hook
[47] notes that this has not been an outstanding problem to operators. This is
mainly because: (i) the struts are strong enough to withstand impact with flotsam;
(ii) the pilot has a good view of the water ahead so that he can take avoiding action
and, at worst, strike larger obstacles a glancing blow; and (iii) for commercial opera-
tions the routes are well planned beforehand and frequent journeys allow continuous
observation of prevailing conditions.

6.4 Air Cushion Vehicles (ACY)

There is a wide range of vehicles which depend on the proximity of a solid or water
surface below them in order to function effectively, though they need not be in
contact with that surface. Some of these are shown in Fig. 6.46, where it can be
seen that the ‘ground effect machine’ may rely on either aerostatic or aerodynamic
supporting forces, or possibly a combination of both. For our present purposes, we
shall consider aerostatically supported vehicles only, and since we shall not examine
air bearings we may refer to hovercraft generally as air-cushion vehicles (ACV).
Attention will be primarily focused on plenum and annular jet craft with skirts and
with or without solid side walls, that is, those vehicles identified with an asterisk in
Fig. 6.46. The ACV depends for its support on the creation and retention of an air
cushion between the craft and a land or water surface. Ideally, there is no direct
contact between any part of the craft and the surface over which it passes (see
Fig. 6.47) and so the hovercraft may therefore be amphibi It might be supposed
that motion over water could be achieved without any contribution from wave-
making drag if contact with the water surface is avoided. However, indirect contact
with the water occurs through the air cushion. The water surface distorts if subjected
toalocal pressure different from ambient and this disturbance moves with the ACV.

The over pressure (positive gauge pressure) in the cushion is derived from a fan
and maintained by sealing the cushion air along the periphery using either an
annular (peripheral) jet, a plenum chamber, or a solid wall in combination with the
first two systems. In each of these systems, shown diagrammatically in Fig. 6.48, air
must leak from under the cushion if the vehicle is to ride clear of the ‘ground’. Thus
the cushion pressure must be maintained despite a steady through-flow of air.
Various types of fan or compressor have been used for this purpose [48] although
centrifugal and mixed-flow fans seem to be favoured most at the present time.
Usually, these fans are designed specifically for a particular ACV. Even so, the
dynamic behaviour of the fans when subjected to a fluctuating back pressure, such
as occurs over rough ‘ground” or waves, and the interactions with duct, cushion and
skirt flows are still not fully understood. The designer aims to keep the leakage flow
as low as possible, thereby reducing the energy of the cushion air, so that the power
required by the ‘Lift’ fan is mmimized. It is evident, however, that if the leakage,
and therefore the clearance height, is small contact will occur between the solid
structure of the craft and protruberances in the surface over which the craft is
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Fig. 6.47 Amphibi t: (a) sch ic layout; (b) British Hovercraft Corporation
SRN-6 Mk 6.

moving. To avoid this, and yet maintain a stable vehicle with small lift power,
flexible skirts are now used on most ACV. For the present, we can regard the skirts
as extensions of the nozzle through which the leakage flow passes. The advent of
the skirt principle has led to a reinstatement of plenum chamber craft after being
superseded by the annular (peripheral) jet type following the early development of
Cockerell’s ideas [37].

In the plenum chamber craft (Fig. 6.48(b)), air is supplied directly to the cushion
which is ‘pumped up’ to an over pressure of 2—3.5 kPa (= 1/50—1/30 atmosphere).
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Fig. 6.48 Types of hovercraft (ACV).

The geometry of this craft suggests the use of an axial-flow fan but often this type
of fan does not perform well at high cushion pressures and low flow rates. When an
annular jet is used (Fig. 6.48(a)) the cushion over pressure results from the inward
curvature of the curtain of air flowing to the atmosphere., Rather higher clearances
can be obtained compared with the plenum chamber craft at the same leakage flow
rate. Both of these ACV are amphibious and forward motion may be obtained from
air propellers mounted on the superstructure, although the operation of these is
noisy and often inefficient. For operation entirely over water partially immersed
side walls may be used (Fig. 6.48(c)) to ensure a complete air seal along most of the
jet periphery. In the intended orientation of the craft the side walls are more or
less in the direction of motion of the craft and if properly streamlined offer relatively
low resistance to movement except at very high speeds. In addition to providing
extra support from buoyancy forces each side wall can be used to house the shaft
driving a marine propeller. At the bow and stern flexible skirts are fitted to prevent
excessive leakage and drag.

The early theoretical and experimental development of ACV from their concep-
tion by Cockerell in the 1950s has been described by Crewe and Eggington [49].
More recent ad: and future predictions are discussed in, for example, [37, 48,
50-52,89].

6.4.1 Hovering Flight: Cushion Pressure
Simple theories relating the cushion pressure to the geometry of the craft, the jet
velocity and the clearance height were given in Chapter 3 for the plenum chamber

and annular jet ACV. For the latter an approximate theory based on momentum
considerations showed that for steady flow the cushion pressure, p., was given by

Pe = pu? (:—)(1 +cos) (6.58)
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where the symbols are defined in Fig. 6.49 and p, is the density of air. The assump-
tions in the theory leading to Equation (6.58) are:
(i) the local air velocity v is constant throughout the jet and equal to the
velocity vy, at the nozzle outlet;
(ii) the pressure in the jet is atmospheric;
(iii) pc is constant;
(iv) the air in the cushion and in the atmosphere is stationary;
(v) the effects of viscosity are neligible;
(vi) the flow is wholly two dimensional;
(vii) pq is constant throughout; and
(viii) at heric p Pais
The boundary between the jet and the cushion air marks a discontinuity of both
pressure and velocity. The theory is clearly inadequate, because the pressure and
the velocity in the curved jet have both been assumed constant. Nevertheless, in
some practical arrangements the subsequent predictions of cushion pressure have
been found acceptable.
As a result of assumptions (iii)—(v) and neglecting changes in elevation an appli-
cation of Bernoulli’s theorem shows that the total pressure (gauge) in the jet is
given by

Pe=toy?
whence
Peo28 () 4cosy=2x (6.59)
Pt h
where
x =%(1 +cosd). (6.60)
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Equation (6.59) implies that p. > p; when

h
=<1 +cos),

but this condition is impossible since flow takes place from the fan (the energy
source) to the cushion region. This rudimentary theory is, therefore, applicable
only when (a/h)(1 + cosf) is small, that is, when h is large for a given craft. Indeed,
we can argue that as k -+ 0 the flow out of the nozzle becomes similar to that for a
plenum chamber and so p/p; increases to unity as  becomes small.

A more logical and general approach is obtained by dropping the first two assump-
tions in the previous list, namely, v is no longer assumed constant nor is the jet
pressure taken to be atmospheric. As shown in Fig. 6.50, the pressure in the jet
must increase from py on streamline S, to pe on streamline S, and so the velocity
¥o on S, must be greater than the velocity ¥ on S because the total pressure in
the jet py is constant (ignoring the small changes ln elevation). Furthermore, the
velocities vo and v are along li In the nozzle
exit plane the pressure p, is constant and equx! to p. the direction of discharge
being perpendicular to this plane. Also, since the total pressure is constant through-
out, the velocity of the fluid in the nozzle v, is constant. There must then be a
discontinuity of pressure and velocity at the exit plane of the nozzle. However, this
mathematical model has an important advantage over the previous postulates in
that there are no discontinuities of pressure outside the nozzle. If small changes in

Nozzle
3
Base of ACV -
ALY P
Ve, L
|
!
b Atmosphere
A
7
S, = 0
5,
h
2 Pu
1
2. .
o*h@
r+6r
Cuthion " Jot
<
rr T T I T Iy T T T T T T T T T YR rrerrrrrrrys

Fig. 6.50
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elevation are again neglected Bernoulli’s theorem shows that
Pr=p +4pa =pn +40uVh = pa + 10aV3 = Pa +1pav3 = constant (6.61)

and therefore
¥n =V,

For the equilibrium of a fluid element in the jet it is easy to show that

d_pu?
dar r

where r is the local radius of curvature of the streamline along which the element
moves. Since the flow is steady v is constant along a streamline and so is dp/dr.
Hence r must be constant and flow therefore occurs along concentric circular
streamlines with the point O as the centre of curvature (see Fig. 6.50). The width
of the jet a remains constant and equal to the nozzle width. Equation (6.62) forms
the basis of numerous inviscid flow theories some of which are summarized by

(6.62)

Harting [$3].
Substitution for pg¥* from Equation (6.61) into Equation (6.62) yields,
S
po-p
whence

—In(p — p,) = 2 In(r) * constant
and so

1

P=p= =

where K is a constant. When r = r,, p = p, and therefore
! 2

£ =(pa — P)ro-

The local pressure in the jet is thus given by
re \?

P=py—(pr - Pa) s A
From Equation (6.61)

P — a = boavi,

and so
2 r\?
P=patipwn {1- - . (6.63)
The cushion pressure at the inner streamline of the jet becomes
2
r
Pe=patiowd {1 - (f) } (6.64)
©
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Noting that
=ro +a=hf(1 +cosd) (6.65)
and using Equation (6.60) we can now write
2 a a\? 2 2
Pe=patioava 12— (7] | =Pa tdpava(2x - x%)
< L3

or,

e =T B2 2 (6.66)

1parn

where ¢, is the cushion-pressure coefficient.
Several theories have been published which are said to be appropriate to jets of
small thickness. Thus when a/A is small, x is small and Equation (6.66) reduces to

Cpe = 2x. (6.67)

By making dubious assumptions about the variation of pressure across the jet (just
as we did to obtain Equation (6.58)) or by contracting the jet to a mean line it is
possible to show that
2
Cp =2x or Tor & 1 — exp(—2x).

The first ple is ivalent to Equation (6.58) because then v = v,. The second
and third alternatives for ¢p, are often misleadingly portrayed for all x. But, when x
is small,

2x
m-‘l‘!‘ and  {l —exp(—2x)} +2x
and so all these results, including Equation (6.66), tend to 2x as x becomes small.
What is perhaps surprising is that the exponential theory yielding

2e = 1 —exp(—2x)

has been shown in some cases to produce values remarkably close to those obtained
from experiment over a wide range of x, as shown in [54].

More accurate theories sometimes assume the streamlines to be elliptical rather
than circular or alternatively specify a particular variation of v across the jet. Exact
solutions of the inviscid-flow problem can be obtained by conformal mapping
although rather complicated expressions are involved. Finally, we may note that
several viscous-flow theories, of varying complexity, have been put forward for
both two- and three-dimensional flows. These theories allow entrainment and mixing
to be accounted for, and it has been found that the effects of viscosity become
important when k is small, that is, for large x.

6.4.2 Hovering Flight: Cushion Flow

In all the preceding theories the character of the air in the cushion has been grossly
simplified by assuming constant pressure and zero velocity. Figure 6.51(b) adapted
from [53] illustrates the complex nature of the flow beneath a simple peripheral
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Fig. 6.51 Hovering ACV over land.

jet ACV model which is hovering horizentally close to the solid ground. Air is drawn
in from the atmosphere owing to viscous shear stresses at the outer surface of the
jet. Similarly, air is transferred between the cushion region and the inner surface of
the jet. Air leaves the cushion by entrainment and is replenished by an inward flow
near the ground. Thus, near the ground, the flow divides with one part moving
inwards and the other part outwards, the latter consisting of the original jet and the
air entrained from the atmosphere. These two parts are separated by a dividing
surface which meets the ground at a stagnation line. If the planform of the ACV is
circular then the cushion flow consists mainly of a stationary toroidal-shaped ring
vortex. A similar, although differently shaped, vortex exists in the cushion region
for other planforms.

We see, therefore, that the air under the cushion is actually in motion and that
the strength of the vortex depends, among other things, on the thickness and the
velocity of the jet. A high-velocity, thin jet generates a stronger vortex than a slow,
thick jet. As a result we would expect the pressure on the base of the vehicle to
drop near the vortex region as indicated in Fig. 6.51(a). The depression in the
pressure profile increases as the strength of the vortex increases. All other things
being unchanged, an increase in height increases the diameter of the vortex and thus
widens the depression in the pressure profile. At large clearance heights the character
of the cushion air changes shape completely to the so-called ‘focused’ jet described
in [53].
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When a marine ACV hovers the over pressure in the cushion region causes a
depression in the water surface. The craft appears to settle in the water, as shown
in Fig. 6.52, so reducing the clearance height relative to the still-water level, Water
is scooped out around the perimeter to form spray both outside and, to a lesser
extent, inside the cushion region. The details of the flow over a water surface are
thus somewhat different from those for motion over land although the principle of
generating supporting forces aerostatically remains the same.

e
N
— (Y S —

Fig. 6.52 Hovering ACV over water.

6.4.3 Hovering Flight: Performance

For the sake of simplicity let us proceed from Equation (6.66), and the theory
leading to it, in order to find the total aerostatic and aerodynamic components of
the overall supporting force. Assuming that p. is constant and the peripheral jet is
uniform then the aerostatic supporting force acting on the base is given by

Fo=(pe — Pa)S = dpavis(2x — x%), (6.68)
where § is the plan area of the ACY base measured to the inside edge of the jet.
Since the vertical p of the jet um flux is destroyed on contact

with the ground there must be a vertical supporting force from jet reaction. The
vertical component of momentum flux of the air in the jet leaving unit peripheral
length of the nozzle between the radii r and r + 5r (see Fig. 6.50) is

8F] = (pavbrivsing.

Generally, there are no discontinuities along the periphery of the jet (the ACV
planform is usually rectangular with rounded fore and aft ends) and so the unit
length can be taken at a mean position in the nozzle. Furthermore, since the nozzle
width is constant, the total mean length of the nozzle I, is the arithmetic mean of
the base periphery and the outer periphery of the nozzle. The total supporting
force from jet reaction is, therefore,

™3
Fj = pyln si.n&[ v dr
o
Now from Equations (6.61) and (6.63) we see that
Vv, (’-") (6.69)

r

and so, with the aid of Equation (6.65), we can write

e dr
Fy= r.’,v:p,f.. sin&j ﬁ
o

Google



308 | Mechanics of Marine Vehicles
whence
Fj = alnpev3(1 — x) sing. (6.70)

Pressure also varies across the jet and so we can expect an additional supporting
force

Fp= "'r (- py)sind &r
o

]
ST sinﬂf C0E-v)ar
o

whence
Fy = dal,pavix sinf. (6.71)
The total vertical supporting force is therefore given by
Fy =F +F;+Fp = 4pavi(2 —x)(xS +al, sinf) 6.72)

after some algebraic simplification.

To give a measure of the ground effect F, may be compared with a reference
force. A suitable reference force is that exerted on a nozzle of circular cross section,
equal in area to that of the ACV nozzle (ie. ai',.),bg a jet directed vertically down-
wards well clear of the ground. This force is alnp,v” and, since the pressure in this
cylindrical jet p = p, because streamlines are straight, we may replace v by v,. The
resulting force alnp,v2 may also be deduced from Equation (6.70) with 8 = 90° and
h —+eo_The index of merit is called the augmenration ratio A, and is defined as

Fy _1 x5, )
= =2(3_ 2 4 sind
Ar Tprs 2(2 x) (al.. sin
1 +cosf x [x§
= +sinf - = | = +sind 6.73
/S sing 2 (0".-. sini ) (6.73)
When x is small, that is a/h is small, Equation (6.73) reduces to
1 +cosé
= +sin@ for small x). 6.74
/) { . i)

The benefit of the ground proximity effect is felt only when A, > 1 and so, from
Equation (6.74),
hly _1+cosf
§ 1 —sing’
Inspection of Equation (6.73) shows that the ‘thin-jet’ theory overestimates A, for
larger values of x. However, the vortex theory breaks down with values of x =2,
for then 4, < 0 and this does not match experimental data.

Again, for the sake of simplicity, let us take x to be small and adopt Equation
(6.74) for A, so that

(6.75)

1 +cost
Fv=nf,.p,v3.( ,wc,?s +sin9). (6.76)
G
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Equation (6.76) implies that, for a given vehicle, Fy is related to h as shown in
Fig. 6.53. At ‘take-off” the vehicle rises until F, equals the operating all-up weight
W at the specified clearance height. However, the real operating conditions are far
more complicated than those indicated by Fig. 6.53. Equation (6.76) is approximate
and the generation of cushion pressure and nozzle velocity depend on the aero-
dynamic characteristics of the lift fan(s). A change in k is equivalent to the adjust-
ment of a throttle valve downstream from the fan supplying the cushion air. Different
types of fan respond differently although the mass flow rate passing through a given
fan running at a constant speed of rotation increases as the back pressure decreases
(i.e. as h increases). The augmentation ratio thus depends on the fan characteristics
and rather sophisticated control of these using adjustable speeds of rotation, blade
angles, bypass circuits and so on are required to maintain the optimum performance.
Frequently, it is difficult to interpret the results of model tests in which different
air-supply systems have been used.

It is clearly a difficult task to incorporate an accurately modelled lift fan and
duct system in small-scale laboratory test work, This has encouraged the use of an
external supply system from a fan remote from the model but connected to it by a
flexible duct. Although this may be satisfactory for the stationary model hovering,
a variety of problems arises when the model is in motion, especially when encount-
ering waves. Yariable back pressure on the fan requires a detailed knowledge of the
dynamic performance characteristics which often display hysteresis loops over the
period of the excitation. The geometry of the ducting leading to the skirt systems
is also an important factor in craft behaviour. Furthermore, the resulting oscillations

I F,
Initial
SUPPOTTiNg ——fi e

orce

Operating point

Clearance height, h

Initial Operating
height height

Fig. 6.53 Variation of supporting force for a given ACY and jet flow.
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of the air column in the ducting of an external supply system can profoundly alter
the response of a hovercraft. Some of these points have been noted in [55]. At least
a partial way out of the problem is to incorporate the lift fan system in the model
craft and to maintain high enough air velocities to ensure that the flow is fully
turbulent. A useful technique is that described in [56] in which a wave belt facility
is used. Large models, over 2 m long, can be mounted over a moving continuous
belt supporting a prescribed wave system in order to examine the high-speed motion
of an ACV passing over head seas.

Figure 6.53 shows that no best uperating clearance is predie(:d instead a series
of equilibrium values of & satisfy a gwen W Nevertheless fora glven h there is an
optimum nozzle angle and a corresp ratio for a
given vehicle. The optimum nozzle angle slusfes the relation

clﬁ= (S)smﬂ+cusﬂ 0

de h,
after using Equation (6.74), whence
Bop1 = arctan(hl,/S). (6.77)
The corresponding maximum value of A, is
12
(Ar)max = [1 t+ l 1 +(H..,fs)2} ] (6.78)

The variations of A, with 6 and (A¢)max With hly/S, as given by Equations (6.74)
and (6.78), are shown in Fig. 6.54. Large values of 4, occur when hly/S is small,
but small h is, of course, excluded from our analysis. Figure 6.54 indicates that
8o pt changes with h and therefore with all-up weight. It is clear, however, that
inward-pointing jets are more effective than vertical jets for practical clearances but
the added complexity of adjustable nozzles has not yet proved to be a viable propo-
sition.

6.4.4 Forward Flight Over Land

The external flow about a simple model of an ACV moving over a flat, solid surface
depends significantly on the forward speed as shown for a series of steady states in
Fig. 6.55 (see also [53]). The following features are worth emphasizing:

(i) At low speeds the flow under the vehicle resembles that for hovering flight.
The efflux from the forward jet is forced upwards from the ground and encloses a
larger region of eddies which are then blown over the upper surface of the craft.
Over water this régime is characterized by large amounts of spray thrown over the
superstructure.

{ii) As the speed increases the eddy region over the upper surface decreases in
extent and the flow in the main stream follows the contour of the hovercraft more
closely. At the first critical speed the jet flow is carried aft in a thin stream close to
the upper surface. For flight over water the spray at the front disappears.

(iii) A stable flow pattern develops in the transition region as the speed increases
further. Some of the forward jet enters the cushion and the remainder is deflected
upwards to enclose a ‘bubble’ resulting from the attachment of the jet to the bow
structure. At higher speeds more of the jet is deflected aft, the bubble size decreases
and it begins to rotate with increasing intensity — rather like a vortex.
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Fig. 6.54 Dependence of augmentation ratio A¢ on 8 and hiq/S.

(iv) Eventually, a particular case of transition flow, called the Poisson-Quinton
critical condition [57], is reached in which the pressure in the bubble has increased
to a value equal to the cushion pressure. The forward jet then has no curvature over
most of its length but some of the jet close to the ground is still deflected forwards.

(¥) Nevertheless, at speeds higher than this critical condition an increasing
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Fig. 6.55 Forward flight of ACV over land.

proportion of the air moves aft. The pressure in the bubble exceeds the cushion
pressure and the jet becomes curved concave relative to the cushion. The second
critical speed is identified by the absence of any forward air from the leading jet.
The passage of the mainstream flow under the cushion is just prevented and the
bubble is no longer present.

(vi) Finally, in the supercritical condition, the forward jet is swept under the
cushion and mainstream flow occurs between the forward jet and the ground.

A three-dimensional craft has essentially similar external flow patterns.
Although a great amount of experimental work has been published on the flow
behaviour around and below ACV it has proved impossible to predict with certainty
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the occurrence of the régimes shown in Fig. 6.55. However, it has been noticed that
with increasing forward speeds:

(i) the cushion (gauge) pressure near the leading edge of the ACV decreases and
may become negative, whereas the cushion (gauge) pressure towards the trailing
edge remains positive;

(ii) the total supporting force at small clearance heights decreases slightly in the
subcritical régime and increases again in the supercritical régime; and

(iii) the total drag increases gradually.

It would seem that in forward flight the augmentation ratios for axially symmetric,
annular jet craft are greatest when the jets are inward facing as in the case of hovering
flight. In the supercritical régime (Fig. 6.55(f)) the operation of the ACV can be
likened to that of a wing fitted with a jet flap. A lift force is developed which
increases with forward speed thereby increasing the effective augmentation ratio.

The preceding remarks must be taken as only indicative of the behaviour which
may occur because tests in forward flight are difficult to conduct, Dynamic similarity
between the model conditions in, say, a wind tunnel and the prototype conditions
is often invalidated by the presence of the boundary layer on the bottom wall of
the tunnel. This is most profound when the supercritical régime is reached and the
clearance height is small.

6.4.5 Forward Flight Over Water

When hovering at rest the depression of the water surface below the ACV is sym-
metric, as shown in Fig. 6.56(see also [53]). A two-dimensional model is again used
here for the purpose of illustration. At low speeds the depression remains nearly
parallel to the base of the vehicle but both are tilted to give the craft a small positive

@
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—f\F_\/N_—

. N —

U

(b} Suberitical
speed

S —
m {c) Supercritical
speed

——e e

it

(d) Higher supercritical
speed

Fig. 6.56 Forward flight of ACV over water.
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(nose-up) trim angle, as illustrated in Fig. 6.56(b). This water depression, sometimes
called the ‘fluid hull’, arises from the cushion over pressure and is dragged through
the water to produce a wake behind the vehicle. Thus, the AVC appears to settle
relative to the still-water level, especially that portion towards the trailing edge. As
the speed increases in the subcritical range the slope of the water depression, the
trim angle of the vehicle and its clearance height all increase, owing to the piling up
of water ahead of the craft, until the trim angle reaches a maximum value at the
critical speed. The bow wave and spray then disappear under the front of the vehicle.
A further increase in speed, into the supercritical range, produces a longer, shallower
depression of greater area and decreased slope owing to the inertial lag of the fluid
particles in response to the fast-moving pressure field. This régime is shown in
Fig. 6.56(c) where we see that the trim angle is reduced but the clearance height
remains unchanged so that the vehicle rises relative to the still-water level. Finally,
at high speed, the flow pattern shown in Fig. 6.56(d) resembles that for flight over
land.

6.4.6 Flexible Skirrs

To realize the full potential of hovercraft successful operation over rough surfaces
is necessary. An amphibious craft must therefore have a structural clearance related
to the height and distribution of obstacles which it would expect to encounter, In
open country, over marshes, tundra and deserts it is estimated that 90 per cent of
the obstacles met are likely to be less than 0.9 m high. The wave heights in areas
such as the English Channel and the North Sea are less than about 1,2 m for 90 per
cent of the time. For an acceptably reliable amphibious operation, for example for
ferry services and coastal surveillance, we would therefore require a structural
clearance of some 1.2 m. However, with a rigid base structure such a clearance
would be achieved only with a concomitant increase in nozzle power. The nozzle
power, Py, required for hovering at rest can be obtained from

L o

Ba=ly 5 P dr = Inp; S vdr

L] ro
since the total pressure in the jet is assumed constant. Using Equation (6.69) and
inserting the limits cf integration yields

a
Py =lhpnro In [ 1 +’—]

For the sake of simplicity let us suppose that afk and therefore a/r, and x are
small. Then

a 2\12 2\U2(p |32
P = L8 P - sz,,(_. Pe
'n = InPi¥nlo (’o) EH(P:) (pe) aln 2 b

that is,
I wh o\
Fo = Xand (su +co=@)) e

where gauge pressures have been used and the approximation p, = W/S adopted.
For a given craft P, increases quite rapidly with h and may only be countered by
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decreasing W/S. However, for a given W an increase in S increases the size of the
vehicle and therefore the drag and propulsive power.

This dilemma has been solved — at least in iple — by the develop of
flexible skirts (sometimes called trunks). At first, these devices took the form of
simple extensions of the peripheral nozzle as indicated in Fig. 6.57. The daylight
clearance h could be kept at, say, 0.1-0.15 m, yet the structural clearance was
sufficient to avoid contact between the base of the ACV and most of the obstacles
met in practice. The advent of the skirted design led to the recall of plenum chamber
craft since the air from the lift fans could be supplied directly to the cushion and
small daylight clearance ensured relatively low nozzle powers. It was found that if
the air were pumped through outward-facing apertures adjacent to a skirt attached
to the outer periphery of the craft, the skirt could be inflated easily and the bottom
edge (hem) of the skirt was pressed down towards the land or water surface. How-
ever, a large and continuous skirt was difficult to fit or remove if damaged and it
wore quickly in abrasive contact with the ground. Even more unsatisfactory was
the uncomfortable pitching response over waves and rough ground. Intensive devel-
opment since has led to numerous types of skirt, for example, inflated hem, con-
voluted trunks, bags, segr d skirt and finger-segr d skirt.

Intake

Structural |

Flexible clearance |
skirt (trunk) T
Daylight I 1
clearance
X L

Fig. 6.57 Simple trunk system.

The following air-cushion system may be taken as typical of many. A variable-
speed fan draws down air into the craft through inlet cowls situated on the roof.
Delivery to the cushion takes place through a duct system containing holes round
the periphery which allow the air to pass into and thence inflate a flexible bag
surrounding the craft and fixed to the outer edge of the base. Further holes at the
bottom of the bag allow the air to pass into a series of fingers which direct the
air inwards to the cushion in the manner of the basic annular jet craft. The scheme
is illustrated in Fig. 6.58(a). The hovercraft cushion is thus surrounded by a flexible
wall; the fingers deflect in sympathy with small obstructions and the bag deforms on
contact with larger obstructions to provide the large structural clearance necessary
for viable ial and naval operati The relative merits of the various skirt

Google



316 | Mechanics of Marine Vehicles

Intake
Flexible skirt
/ \ lor bag)
Base
Finger Feed hole

—-) \——
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Inner
skirt
{cell or jupe}

Removable bottom skirt
part

{b) Inner and outer skirt system (SEDAM)
Fig. 6.58 Skirt systems.

systems are summarized in [37, 48, 58]. A fundamentally different scheme is used
on the Sedam N500 and is described in [75, 76]. The cushion is formed by a
number of separate vertical cells or jupes’ which have air supplied separately, or in
groups, from the lift fans, The ‘jupe’ is made in the shape of a truncated cone, with
the smaller cross section lowermost, so that no chains, belts, etc., are required as the
system is laterally stable. The attachment to the hard structure is straightforward in
principle and maintenance should be minimal. However, air leakage was found to
be excessive with the initial system and so to decrease lift power an outer, peripheral
skirt was installed as shown in Fig. 6.58(b). Despite expectations to the contrary
test flights showed that tears, wear, fatigue and fixing problems were prevalent.
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To give some idea of the reliability of hovercraft in operation we may take as an
example the British Hovercraft Corporation SRN4. This is a plenum chamber craft
with a 2.1 m bag-and-finger skirt, an overall weight of 1.5 MN and an operational
maximum all-up weight of 2.0 MN. For service across the English Channel in 1969
this ACV was prevented from crossing for only 5 per cent of the total planned trips
[59]. The effect of skirts on the steady speed of an ACV over rough water is indi-
cated in Fig. 6.59.

{m) (fe)
3=+10,

1545

Wave height
B0 (knots)

ats

60
1
T

30

218

T

40 (ms ')
Forward speed, V

Fig. 6.59 Effect of waves on forward speed of amphibious hovercraft.

Not the least of the many practical problems associated with skirts is the choice
of materials, The best to date have been nylon and woven Terylene used to reinforce
coatings of pure or synthetic rubber or polyvinylchloride. Reasonable resistance to
tearing, abrasion, corrosion and peeling has been obtained. The skirt construction
must be robust and flexible to prevent capsizing (‘plough-in") during manoeuvres
although the advent of the bag-type skirt has considerably reduced this risk.

6.4.7 Forces on Amphibious ACV

The total lift (supporting) force exerted on an ACV in steady forward flight with
the base horizontal may be expressed as

Total lift = cushion lift + jet lift + pressure lift + aerodynamic lift
and so, for equilibrium,
W= (Fe + Fj + Fykoosa + Lysro = Fy + Lacro. (650)

The aerodynamic lift force results from the distribution of pressure over the super-
structure of the ACV, If the vehicle travels over water it does so at a small positive
trim angle, as shown schematically in Fig. 6.60. At high cruise speeds the depressed
water surface can be assumed parallel tc the base of the craft and so the jet flow
and cushion pressure are both uniform.

The aerodynamic lift force is usually small and can be neglected for an analysis
consistent with first-order accuracy. Thus, for equilibrium

W=(F. +Fj +Fp)cosa
that is,
W=F +Fj+Ff,=F, (6.81)

since a is assumed to be small.
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Fig. 6.60

For flight over land the total drag is wholly aerodynamic and is given by
Total drag = profile drag + momentum drag + induced (attitude) drag
that is, for equilibrium,
Dy =Dpe +Dm +Dy=T (6.82)
where T is the thrust from the propulsors.
The profile (pressure) drag consists of skin-friction drag and viscous pressure

drag on the vehicle superstructure. As the superstructure cannot generally be regarded
as a streamnlined body the profile drag can be written in the form

Dy = %ﬂuVZSrCDW (6.83)

where S¢ is the frontal area normal to the direction of V and Cp__ is the profile
drag coefficient assumed independent of V. Typical values of Cp__ are: 0.25 for
SRN-2; 0.38 for SRN-6; 0.4 for SRN4. Values can be as high xsvb.'n'ﬂ, although
profile drag coefficients as low as 0.3 or less are now being sought for present-day
designs. At cruise speeds the profile drag can be the largest component of the total
drag.

The momentum drag is computed on the assumption that relative to the vehicle
the horizontal momentum of the air which enters the intake of the lift fan(s) is
destroyed, The momentum drag is thus given by

Dy = eV (6.84)

where sty is the total mass flow rate of air entering the fan(s) and, in the absence of
leakage in the internal ductwork, is equal to the mass flow rate of air in the jet.
If @ is the trim angle then the attitude (induced) drag can be written in the form,

Dy =(Fc + Fj + Fp) sina = W tana = Wa (6.85)

when « and Lyer, are small.

In addition to these components of drag account must be taken of drag forces
arising from direct contact between parts of the ACV and the ground. Contact with
the ground can generate large forces intermittently over rough ground as well as
causing damage to the skirting.
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Tt is interesting to note that although the amphibious qualities of hovercraft are
often emphasized little use of this attribute is made by commercial craft except
when beaching or docking. Most craft in operation spend a major part of their
service life over water. However, there have been a number of notable exceptions
which include ice-breaking roles, navigation over river ice and water, and military
manoeuvres over desert areas. We must consider, therefore, additional components
of drag for marine ACV.

Wave-making drag is transmitted to the vehicle through the air cushion whether
or not direct contact is made between the craft and the water. This source of drag
can be interpreted as the component of pressure forces on the water depression in
the direction parallel but opposite to V. The wave-making drag is thus given by,

Dw=f Pwﬂnﬁdsd=j. pcsinads¢=p=j sind dSq
54 Sd 54

where Sq and § are the surface area and inclination of the depression respectively,
and for equilibrium the water pressure at the interface py = p.. The effect of the
jet on the deformation of the interface has been neglected. Let us assume that the
weight of the craft is supported primarily by cushion pressure forces, then

W=I P cosfdSy.
Sa

If B is constant and the depression is parallel to the base of the craft (see Fig. 6.60)
we must have

Y - ng = f=a (©.86)

for small trim angles.

When the craft is hovering at rest it may be shown that the volume of air in the
depression measured relative to the still-water level is equal to the volume of water
displaced by the vehicle if it were to float at the interface. It is thus reasonable to
expect such a criterion to hold at low forward speeds when Dw/W is large. The
distortion of the interface reduces as ¥ increases and so, in common with other
‘high-speed vehicles, the wave-making drag of ACV is low at cruising speeds.

Lamb [60] examined the behaviour of a two-dimensional disturbance of constant
pressure, say Pe, and length / moving steadily over an initially plane liquid surface.
He found that the ratio of the wave-making drag per unit width Dy, to the applied
force per unit width W' = Ip,, is given by

D _ 2. [1 - cosl(m*‘}] (6.87)

W pwsgl
where we have considered the liquid to be water of density p,, and the Froude
number Fr=VA/(g). The maximum value of Diypy.gl/2p.W' occurs when
cos}(Fr)~?} =_1, that is, when (Fr)~? = (2n + 1)r where n=0, 1, 2. . . Under
these conditions the maximum value of wave-making drag is

' 4W'p.
D =

(6.88)
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and for n =0 this will correspond to a ‘primary hump’ at Fr = 0.56. A theory has
been developed by Barratt [61] to cover three-dimensional ACV over deep water of
infinite extent. He found the primary hump to be located at a Froude number
between 0.5 and 1.0 depending on the planform, This theoretical analysis has been
generally supported by experimental work with models running in a towing tank
[62, 63] covering various planforms and angles of yaw. In shallow water the primary
hump occurs at a lower Froude number and (Di)max increases as the depth of the
water decreases,

It is exceedingly difficult to quantify the effects of: (j) spray impact on the hull;
(ii) parts of the craft submerged in the water which induce additional components
of wave-making and pressure drag;and (iii) an equivalent drag arising from an increase
of weight as water is taken on board and retained by various parts of the vehicle.
No adequate theory is at present available for the prediction of these items and to
obtain a value of the wetting drag Dy, the components which can be assessed with
reasonable accuracy are thus subtracted from the total drag measured in model and
full-scale tests, Hence

Dwﬂ=DTc‘Dﬂ!'_Dm—D‘i—DW (6-39)
in which Dy, comesponds to the total drag over calm water and Dyw is usually
assessed on the basis of Equation (6.87) or on Barrait’s extensions of the classical
theory of wave generation.

An indication of the relative orders of magnitude of the various drag components
of a typical, large, amphibious hovercraft (SRN-4) with a peripheral skirt (bag-and-
finger system) is given in Fig. 6,61, The wetting drag for calm-water operation
accounts for a large proportion of the total throughout the speed range. Also shown
is the curve of available thrust and the ideal steady operating speed is that corres-
ponding to the intersection of the thrust and total drag curves. The wetting drag is
then about one-third of the total. When operating over waves another drag compon-
ent arises which includes additional D, terms together with impact drag in severe
conditions. The over-wave drag Dy, is obtained by difference, that is,

D, =(total drag in rough water) — (total drag in calm water)
that is,
Dyw =D1, - Dr. (6.90)

6.4.8 Forces on Nonamphibious ACV

These craft are usually associated with solid side walls which penetrate the water
surface and in the USA are generally referred to as surface effect ships (SES). As a
result of the efficient sealing of the cushion by the partially immersed side walls
(which are usually parallel to the fore-and-aft vertical plane of symmetry of the
craft) the nozzle power is considerably less than for an amphibious craft of the
equivalent size. On the other hand, the immersed side walls suffer large drag (mainly
from skin friction) at high speeds. Note that the wetted area on the inner surface of
the side walls is less than on the outer surface owing to water depression by the
over pressure in the cushion,

The power requirements for hypothetical side-wall and amphibious, annular jet
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Fig. 6.61 Performance characteristics of amphibious hovercraft (SRN-4),

vehicles of all-up weight 1.2 MN are illustrated in Fig. 6.62. In this case it has been
assumed that the water is calm and that each vehicle moves forward parallel to its
fore-and-aft axis of symmetry.

For a side-wall craft the walls are able to support water propellers and the trans-
mission leading to them. The air-borne noise associated with air propellers is thus
eliminated and, furthermore, buoyancy forces on the side walls support about
10 per cent of the weight of the craft. Such a craft has good manceuvrability because
large side forces can be applied to the walls. Unfortunately, large profile drag then
occurs and a considerable drop in forward speed results at constant propeller thrust.

To overcome these disadvantages some recent design exercises have turned to
conventional peripheral-skirted craft with a marine propulsion system having a faired
shafting and rudders in the water, such as the Vosper—Thorneycroft VT-1. Over
the operating speed range drag is relatively low, directional stability and control are
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Fig. 6.62 Relative power required by amphibious and side-wall hovercraft of same all-up
weight.

superior to amphibious craft, the operation is quieter and with a flexible, bagged
skirt the craft can beach on a ramp with the propellers and rudders still submerged.
The principal characteristics of a number of hovercraft are given in Table 6.3.

6.5 Comparative Performances of High-speed Marine Vehicles

Any discussion of the overall performances of high-speed marine vehicles will
inevitably involve sea-keeping capability, that is, the response of the vehicle to
motion through waves. The state of the sea is referred to by wind speed, sea state
or significant wave height, and these data form an essential part of routing selecticn
for commercial operations such as ferry services. Matters are rather more difficult in
the case of naval duties because craft may be required to operate in areas for which
detailed information on wave spectra is lacking, However, the motion of any marine
vehicle in waves will be unsteady and so a thorough analysis of the problem is really
out of place here. Consequently, we shall cover the field only briefly in a general,
comparative way and offer references for more specialized reading.

A popular method of illustrating the capability of high-speed craft in waves is to
plot speed against, for example, significant wave height for a range of craft types
and sizes. This has been done in Fig. 6.63 which shows typical, although not neces-
sarily precise, values appropriate to displacement ships, planing craft, hydrofoil
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craft and hovercraft. Further details of some of the craft may be found in Tables
6.2 and 6.3. Also shown on the abscissa of Fig. 6.63 are equivalent scales for sea
state and wind speed. It should be noted here that hovercraft, in particular, are
seriously affected by the relative wind direction. Seaworthiness expressed generally
in the form of Fig. 6.63 is a fundamental attribute of any marine vehicle whether it
be used for commercial or naval applications.

It is immediately apparent that the sea state affects all craft in different ways
and thus limits the maximum achievable continuous speed. Although some effects
of size are shown, within the context of high-speed craft and therefore small craft,
the effects of size are not great enough to cause radical changes in overall trends for
curves of a given type or between curves of different types. Up to sea state 3 or 4
and depending on wind direction it is seen that the amphibious hovercraft is presently
the fastest practicable form of marine surface vehicle, though the performance
deteriorates rapidly with increases in wave height. The hydrofoil craft with fully
submerged foils has a lower speed initially but is able to maintain this forward speed
up to seastate 5 with larger designs able to achieve sea state 6. Nevertheless, increased
size and improved (deeper) skirt design should allow better future performances
from large hovercraft, A hydrofoil craft with flap control, initiated by either radar
or sonic height sensors at the bow, can transfer the mode of flight from platforming
at low wave heights to ccntouring at greater wave heights in order to reduce hull
contact with waves yet retain relatively low vertical motion accelerations. A hydro-
foil craft with surface-piercing foils is naturally more sensitive to surface waves

Google



2

Table 6.3

Characteristics of some air-cushion vehicles,

Country Craft Configuration Use Design all- Length Beam Skirt Maximum speed
up weight overall overall height (calm water)
MN m m m ms!
(tonf) (ft) (0 (fn (knots)
Canada Bell 7380 amphibious coastguard/ 0.4 20 11.2 1.22 25
Voyageur (ice-breaking)/ (41) (65.7) (36.7) ) (50)
army/
commercial
Bell 7501 amphibious coastguard/ 0.17 136 7.9 1.22 26
Viking army an (44.5) (26) “) 52
France Sedam amphibious commercial/ 0.26 24 10.5 6.5 28.5-31
Naviplane nav: @270 (78.75) (34.5) (o] (57-62)
N300
Sedam amphibious commercial 26 50 23 4 375
Naviplane (260) (164.1) (15.1) (13.1) (75)
N500
Japan Mitsui amphibious commercial 0.5 264 139 16 325
MV-PPI5 (50 (86.7) (45.6) (5.25) (65)
United BHC amphibious commercial 2.0 39.7 23.8 244 35
Kingdom SRN—4 (200) (130.1) 18) {8) (10)
(Mk 2)
BHC amphibious commercial 28 56.7 26.52 3.05 35
SRN—4 (280) (186) 8" (HlU] am
(Mk 3)
BHC amphibious commercial/ 0.1 17.8 7.7 1.22 26
SRN-6 naval (10} (58) (25.3) ) (52)
Winchester (many variants)
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t Achieved a record speed of 45 ms™ (= 90.3 knots) in 1977,
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especially when operating in a following sea. Planing craft show good performance
in calm water but produce very high accelerations from impact loading in waves so
that drastic speed reductions take place over the whole range of operable sea states.
Nevertheless, with deep-V bottoms, such as those used in offshore power boats,
planing craft can be driven faster up to about sea sr.ar.e 5, provided that sufficient
power is available to p for the i of the deep-V forms
and that the crew can endure the violent motion which ensues. In the range of sea
state 6 the conventional hull displacement ship is capable of greater speeds than any
other form of small, high-speed surface vehicle. However, this may change in the
future as, for example, large hydrofoil craft are built; there is already an indication
that the RHS 160 (see Table 6.2) is superior in rough water. Also shown in Fig. 6.63
are predictions of a 4 MN (= 400 tonf) hydrofoil craft with fully submerged foils
and a large 30 MN (= 3000 tonf); Small-Water-plane-Area, Twin-Hull (SWATH)
ship which can maintain a near-constant speed well into waves up to a significant
height of 5 m (= 16.4 ft).

A major penalty for high speed is cost. Generally speaking, it is still reasonable
to assume that

propulsive power & displacement x (speed)”

where n=3 or more. It is interesting to note that the total resistance of a large,
slow ship is about 0.001A®, where A* is the weight displacement. This contrasts
with resistances of 0.06A* at 1S ms™" (=30knots) and 0.02A* at 10ms™"
(== 20 knots) for a 10 MN (= 1000 tonf) corvette and with corresponding figures of
0.14* and 0.07A* for a 1 MN (= 100 tonf) fast patrol boat of a planing hull design.
A value of 0.1A* is also ?uoler] in [64] for a 1 MN (= 100 tonf) hydrofoil craft
travelling at about 25 m s~" (= 50 knots).

It has been found that operating limits on speed in a seaway are more likely to
be set by the conditiors which are acceptable to the crew and passengers rather
than by the strength of the craft (although many questions on structural dynamics
related to marine vehicles are still largely unanswered in detail [65]). In any given
occupation and environment there are usually many stimuli (or stressors) influencing
the physiological and mental processes of a crew member or passenger and it is
often difficult to separate one effect from another. A general discussion of human
factors (or ergonomics) related to ride motions is given by Cole [66]. Noise, vibra-
tion and low-frequency motions can all become intolerable to humans in time, but
quite high intensities are often sustained for short periods such as ferry crossings
and even enjoyed when connected to risk events or sporting activities. Much lower
limits are tolerable for a naval patrol lasting days or weeks, especially when fre-
quently repeated. Experience and knowledge of the full facts of an event also
influence human response in one way or another. Tolerable noise and vibration
levels (above a frequency of 1 Hz) are fairly well defined by the Intemational
Standards Organisation (ISO) but it is often difficult to satisfy the specified criteria
within the confines of small high-speed craft. Low-frequency motions in the range
0.15—0.25 Hz are particularly important because vertical accelerations in this range
lead to widespread sea sickness.

It is difficult to express concisely the relative merits of different craft responding
to waves, but Fig. 6.64, adapted from [67], gives a general indication. The excellent
characteristics of hydrofoil craft (now being achieved at lower cost) in this respect
are clearly evident. An appraisal of the sea-keeping capabilities of high-speed craft
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Fig. 6.64 Typical vertical accelerations of high-speed craft.

is given in [20] where the discussion is, in the main, applicable to both commercial
and naval craft.

The role of commercial high-speed craft is almost exclusively as passenger ferries,
The success of hovercraft in this respect has been summarized by, for example,
Shaw [68], Mantle [69], Wheeler [70], Stansell and Hewish [71] and Thorpe [72].
The growth of traffic carried by hovercraft across the English Channel has risen
spectacularly since operations commenced in 1968. There are now six SRN-4 craft
running on the route, and with the five then operating in August 1977 some 24 per
cent of cars and 25 per cent of passengers crossing the Channel did sc by hovercraft.
The corresponding figures for the whole of 1974, given in [70], are 23.9 per cent
and 30.9 per cent. Operating reliability is crucial on such an established ferry route
and massive efforts have now ensured that lost flights arising from unserviceability
are dcwn to 1 per cent and cancellations arising from bad weather are down 1o less
than 3 per cent. The latter figure should be reduced even further with the recent
introduction of the stretched SRN—4 Mk—3 hovercraft with improved skirt design
(see Fig. 6.65).

A major attraction of hovercraft on sea-route ferries is the car-carrying facility
which cannot so far be matched by hydrofoil craft. As pointed out in [67] the
latter generally cater for large numbers of passengers without cars on routes less
than 160 km (2 100 miles). At present, these passengers tend to be attracted by the
novelty of the craft, by the sensation of speed and by the hope of a more scenic
view than that offered by aircraft. The USSR has many hydrofoil craft carrying
over 200 passengers on a variety of river routes which allow simple methods of craft
control in the calm water. A successful sea route operating currently is the half-
hourly service on the 36 mile journey between Hong Kong and Macao which began
in 1963. A number of different craft have been used and now several Boeing
Jetfoils are in operation. In such a congested route, particularly around harbours,
the main technical problem is the adverse effects of rubbish in the water, Plastic
bags floating in the water have been found to block water inlets (for the Jetfoils)
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e i

Fig. 6.65 British Hovercralt Corporation SRN 4 Mk 4 — Super 4.

and to wrap round hydrofoils and propellers to cause a serious reduction in lift
force and thrust.

Before turning to military applications of high-speed craft it is interesting to
examine the rdle of hovercraft being developed by the US and Canadian Coastguard
for ice-breaking duties (summarized in, for example, [73, 74]). At first sight it may
seem incredible that with such low cushion pressures typical of hovercraft ice up to
0.5 m (220 in) thick can be rapidly broken up. In fact the mode of operation is
rather more subtle than the direct application of aerodynamic forces, for the ice
breaks itself. Two principal techniques are used which take advantage of the am-
phibious quality of the craft, By continually traversing the clear water at the edge
of an ice floe, and running up onto it, the hovercraft generates a series of waves
which exploits the weak resistance of the ice to bendingl stresses, In 1978 the
Vayageur craft (see Table 6.3) was able to break up 18 km* (== 7 square miles) of
ice per hour and in so doing cleared a major ice jam in the St Lawrence and its
tributaries every day for three weeks. This greatly reduced flooding of the surround-
ing countryside during the spring thaw. This high-speed ice-breaking technique can
be used to break up fast ice near to banks and in shallow waters where severe limita-
tions on ship draught occur.

The so-called, low-speed ice-breaking technique was developed after trials with a
large air-cushion platform, the ACT 100, on the ice of the Great Slave Lake at
Yellowknife early in 1972. It was found that as the platform, which carried equip-
ment for oil drilling, moved forward at low speed ice up to 0.7 m (= 27 in) below it
began to break up. Subsequent tests showed that the overpressure of the cushion
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air was sufficient to cause a seepage of air streams through fine cracks in the ice
which subsequently congregated into a huge bubble of air below the ice. As a result
the distributed upward buoyancy force of the ice was lost and the ice then canti-
levered across the sides of the bubble, The weakness of ice in bending was insufficient
to counter the combined weight and cushion-pressure loadings so that collapse of
the ice cover occurred. Present methods of ice clearing now involve the attachment
of a cushion platform forward of the bows of an ice-breaker ship so that the com-
bined operation at about 4.5 m s~ (= 9 knots) allows thicker ice to be tackled in a
shorter time and saves a great deal of fuel compared with the traditional ramming
techniques of conventional craft.

A similar ice-breaking programme is underway in the USA, although emphasis is
there being placed on the relationships of such techniques to p 1, facilities
and support services. Conditions of rapid skirt wear were found in cases where ice
was broken and re-frozen over several cycles to produce a very rough and abrasive
surface. Consequently, investigations of exceedingly tough skirt materials are now
being pursued.

The main tasks likely to be met in non-commercial applications of high-speed
craft are surveillance, fishery patrol, protection of offshore resources, customs and
immigration, mine counter-measures and assault landings. It is in a number of these
tasks that the competition between the main types of high-speed craft is most
intense, yet in other applications one high-speed craft remains dominant, e.g. the
mine counter-measures vessel, as discussed in [77]. The amphibious hovercraft has a
remarkably low underwater noise signature since its noise-generating source is
above the air—water interface (see Section 2.4.5.(b)). Furthermore, despite the
aircraft-type structure little damage is sustained from the underwater explosion of
mines provided that the craft is clear of the explosion plume. Tests have shown that
light damage is sustained from metal fragments which have perforated the skirt but
operation is not significantly impaired.

Surveillance entails both surface and underwater detection and identification of
vessels operating in waters over which control is to be exercized. Limits on equip-
ment height curtail the use of radar to ranges of about 10 km (= 6 miles) and
therefore the use of aircraft is a necessary adjunct to the overall operation. Clearly
a swift response from the well equipped marine craft is called for in order to deal
with any violations. There are considerable problems with the detection of submerged
submarines owing to the large size of anti-submarine sonars and their poor perform-
ance at high water speeds. Nevertheless, some view this type of role as promising,
especially when the detection vessel operates in the sprint and drift mode where a
‘dunking’ sonar is used in the stationary or low-speed state and is then followed by
a sprint to join, say, the task force. Since speeds of 24 m e (= 50 knots) may be
called for the hydrofoil craft becomes a strong contender for anti-submarine opera-
tions. A variety of mission requirements have been examined in [78] and related to
a series of hydrofoil craft with payloads up to 2.4 MN (= 240 tonf) using a com-
puter-aided program referred to as HANDE, It is interesting to note that the results
show, for example, that the mass of the foils appears as a diminishing fraction of
the total mass as the size of the craft increases. This is contrary to what might be
expected since the lift force increases in proportion to the square of the characteristic
length, while mass increases as the cube of the characteristic length. The reason is
that strut length does not increase linearly with the size of the craft, nor does the
thickness of practical steel plate.
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The case for a hydrofoil fishery patrol vessel has been made in [43] based on the
Jetfoil concept applied to North Sea conditions. However, probably the most
important requirement is the ability to remain in an alert and fit condition when on
station. Relatively small periods are spent at the optimum high-speed condition and
so some effort must be taken to improve seakindliness at low speeds during long,
and often tedious, patrols. Indeed, a survey of trawlers built in 1976 showed that
only about 5 per cent were czpah]c of speeds y:al:r than 7.5 m s~ (= 15 knots).

Thus with the i in design ined in [15] a hard-chine planing boat
with a speed of lOm s~ (E 20knots) in sea state 5 may prove to be a desirable
option.

In the absence of war, offshore protection may be needed to deal with accidental
damage from fire, collisions, or bad weather and with possible terrorism. For the
latter situation interception of a terrorist group, intent on, say, the occupation of
an installation, is the primary aim with speed, weaponry and manpower to suit. The
other tasks could probably be dealt with by craft similar to those used for fishery
protection.

Illegal entry and smuggling are likely situations to be dealt with by customs and
immigration craft which would probably operate in coastal waters. High speed is of
paramount importance since it may be necessary to chase, overtake and subsequently
apprehend other high-speed craft. All types of vessels capable of, say 20 m s—!
(= 40 knots) may be summoned to duty with prevailing sea conditions dictating the
final choice.

Work on amphibious assault landing craft (AALC) is being carried out in the USA
on two designs designated JEFF(A) (see [79]) and JEFF(B) (see [80] and also
Table 6.3). Both are to operate from the well decks of landing ships and also along-
side cargo ships. Repeated journeys through surf up to about 2.5 m (= 8 ft) high
carrying a variety of payloads are called for. The two craft are quite different in a
number of respects, such as propulsion and skirt design. The roles of these craft
provide a marked departure from the usual operations of hovercraft and Wheeler [81]
offers some other interesting alternatives.

It is clear from the above that the rdles and designs for high-speed craft are
extremely diverse and a final choice of one particular type revolves around the
solution of a complex set of issues. Future developments are not likely to ease the
difficulty of choice because it now seems that size and speed are both necessary for
good seakeeping performance. Not surprisingly one finds design studies for surface
effect ships of about 30 MN (= 3000 tonf) and aboye [82] and a design for a
hydrofoil craft of about 24 MN (== 2400 tonf) [BS]LThere has also been increasing
development and support for the Small-Water-plane-Area, Twin-Hull (SWATH)
ships. The SWATH configuration consists of twin, submerged, submarine-like hulls
providing the bases and hence the buoyancy forces for narrow vertical struts
which support the upper deck. The latter is essentially a flat platform which may be
used for a whole series of applications as a result of its inherently good lateral
stability. Propulsion is obtained from water propellers at the stern of each submerged
hull. A summary of some developments of these craft is given in [84] and it is
suggested in [85] that SWATH ships have a high development potential for naval
applications. |

‘Whether or not any marine vehicle is developed from the design stage to the
operational stage depends very largely on economic viability, especially in the case
of commercial operations. There is also an increasing awareness of the penalties
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incurred by high capital, running, maintenance and refitting costs of naval vehicles,
and most navies are now applying stringent cost rules. It is clearly a difficult task to
predict the overall cost of a marine vehicle for an operational life of perhaps 20 years
or more, but there is no doubt that nowadays escalating fuel costs are playing an
mcrenmgly unpomm part in cost analyses. Technical excellence can no longer
ing in a cost ious envir as witnessed by the continuing
controversy over the future of Concorde. Indeed, the question arises as to what
comparisons should be made when different vehicles are under examination.
Certainly assessment should be made of direct operating cost, fuel cost, capital
cost, passenger and freight rates and so on, as well as passenger and crew comfort
and safety criteria.
Costs have not been examined in a number of ive studies, ideration

being given only to performance parameters such astransport efficiency [89] defined
as

(all -up weight) x (maximum cruise speed) WV
(total installed power) ra

This dimensionless parameter is not always expressed in consistent units and so
care is needed in the interpretation of data. A wide range of transport vehicles was
axammed by Gabrielli and Von Karman [86] and they determined a log—log plot
of 27!, the ‘specific resistance’, against speed applicable to conditions in 1950. A
“limit" ljne could be drawn as an upper bound of performance expressed by

wy? -1 -1
QV=T-8800 fts™' =2680ms™" = 5200 knots

which was approached at low speeds by ships and at high speeds by aircraft. It is at
intermediate speeds that a wide range of possibilities arises, especially for marine
vehicles. The results have since been updated to include supertankers and subsonic
turbojet aircraft. Furthermore, it has been suggested [87] that the limit represents
a measure of economic efficiency given by the product Q¥ and that this allows for
the extent to which speed in its own right can be accounted for in freight carrying.

Crewe [88] recently undertook a detailed investigation of the economic and
performance relations between a variety of marine vehicles, concentrating particu-
larly on high-speed marine craft. It is not possible to combine all the factors relating
costs, payloads, speeds and distances in a simple graph or equation and so a variety
of parametric plots is given. For example, the relationship between normalized fuel
cost T and payload to all-up weight ratio is shown in Fig. 6.66. Here,

()] (%)

where rsfc is the specific fuel consumption of any engine relative to a datum diesel
engine (a value of 1.5 for gas turbines holds at present, but it is gradually being
reduced with improvements in design) and Wy, is the payload. For the sake of clarity
mean hyperbolae are shown in Fig. 6.66, where it is evident that mono-hull displace-
ment ferries stand out in terms of economy at low speeds and Wp,/W values and that
modern passenger jet aircraft are best at the other extreme. High-speed marine craft
are collected in the middle but have favourable values of Wy,/W, as a result of their
light construction and installed propulsion units of high power-to-weight ratio. The
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Fig. 6.66 Summary of mean data for normalized fuel cost as a function of payload/all-up weight.
(Adapted from [88].) 1. Displacement ferry; 2. SWATH ship (15 MN = 1500 tonf,
14 m s = 28 knots); 3. Modern passenger jet aircraft; 4. Airship (3.2 MN = 320
tonf); 5. SWATH ship as 2 but 16.5 m "' = 33 knots; 6. Westermaen catamaran;
7. Jet aircraft; B, Surf: craft; 9. Side-wall hovercraft;
10. anpeller surveillance aircraft; ll hlenl and Helicat catamarans; 12. Modern
based aircraft; 14, AD 500 airship; 15. Diesel fast
patrol boat; 16. Dynnplane 17. Jetfoil; 18. Slender planing hulls; 19. Gas-turbine fast
patrol boat; 20. Helicopters.

extreme, right-hand end of the amphibious hovercraft line applies to “stretched’
SRN—4 (Mk3—Super 4). A more general plot of the ratio of economic efficiency
QV to sfc against ¥, as shown in Fig. 6.67, reveals that any particular Q¥/rsfc
oceurs around either of two values of ¥ which are generally widely separated. Note
that the scales are ‘self-reciprocating’ for the sake of clarity and that the ‘quadratic
nature' of the relationship between the two parameters is emphasized for all craft.
It is concluded in [88] that the escalation of fuel costs allows a simplified com-
parison of economic efficiency between various types of high-speed marine craft
and that these are fulfilling their tasks well. However, there is still considerable
room for improvement in detailed design as research continues. The generalization
of the original Gabrielli and Von Karman diagram to account for earnings per unit
payload per unit distance related to speed allows a more valid comparison for

I rying craft, especi; for those classified as high-speed marine craft.
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Fig. 6.67 Craft zones of 0¥/rsfc against speed. (Adapted from [88].)

Appendix: Design Equations for Planing Craft
The data of Korvin-Kroukovsky [9] can be assembled into the following empirical
relationships. To speed up the preliminary design calculations a number of authors
have presented these relations in graphical form.

For a flat plate, when =0

Cyo = o {0.01200"2 + 0.00953 (Fr) 2} (A1)
and for f#0
Cy = Cyy — 0.00658(Cy)™* (A2)

in which o and f are measured in degrees. The wetted length-to-beam ratio

she ooy
A 5 (R) (A3)

and the definitions of C, and Fr are given by
W |4

C"W; .ﬂ‘=m. (A4)
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In addition,

i i u\( T 2
where K =(0.84 +0.015F)a™™ (A.6)
m=0.125 +0.0042F (A7)
n=0.05 +0.015, (A.8)
again with a and J expressed in degree (protractor) measure,
A design method can now be proposed using the p ions and known

data for the craft. Thus, using Equauon (A.4) the coeﬂ‘cxenr. C., can be found from
the required forward speed V, the specified all-up weight W and the necessary beam
by to accommodate engines, stores, fuel, crew, payload and so on. The mean value
of deadrise angle f is chosen to be consistent with the geometry of the craft and the
ride and manoeuvrability sought by the designer. Equation (A.2) can then be man-
ipulated to derive Cy,. From a range of values of a the corresponding values of A
are deduced from Equation (A.1) and hence T, follows from Equation (A.3).
Equation (A.5) with the aid of Equations (A.6)—(A.8) yields values of j which
correspond to the chosen range of @ Now, the position of the centre of gravity is
determined from the craft layout so that /g is known beforehand. We then seek, for
steady motion, the condition Iy =Ig from Equation (6.19) and thus identify the
operating a and /. The total resistance of the craft at the cruise speed, assuming
¢ =0, is given by Equation (6.17), that is

Ry=Wa+F,=T (A9)

The skin-friction force Fj is calculated from, say, the ITTC 1957 correlation line at
the corresponding Reynolds number (=py, M, /pw). A further iteration may be
necessary to locate the operating condition corresponding to minimum resistance.
Finally, the effective power required from the propulsor to drive the boat at speed
¥ is given by the product Rt V.
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7
Propulsion

7.1 Introduction

In earlier chapters we have seen that to induce and maintain the motion of a vehicle
in a viscous fluid, or at the interface between two viscous fluids, a resistance to
motion must be overcome. By definition, viscous fluids will deform continuously
when subjected to shear stresses and it is the resultant shear force necessary to
produce this deformation which provides a contribution to the total resistance.
Other contributions arise from (i) the incomplete pressure recovery at the aft end of
a body owing to the thickening of the boundary layer there and the consequent
formation of a wake, and (i) wave making, if the vehicle operates at the interface.
A vehicle at rest can therefore be set in motion by quite a small applied force, but
should this force be removed then the vehicle will decelerate to rest accurdmg lo
Newton's Second Law of Motion. A inuou: pulsive force is thereft

to sustain the motion and it is the means by which this force is developed that is
NOW our concern.

A simple example of forces producing motion can be seen when a body rises or
falls in a fluid owing to the inequality of weight and buoyancy. Movement then
takes place along a radius extending from the centre of the Earth, However, our
main interest here concerns ‘horizontal® motion for which gravitation forces play no
direct part. It is then necessary to attach to the outside of the vehicle some form of
propulsor supplied with energy from a prime mover. We shall examine the propulsor
which is that part of the propulsion system in contact with the fluid(s) comprising
the external environment of our marine-vehicle system. To create a propulsive thrust
the propulsor must exert a force on the environmentt in such a way that the reaction
force on the propulsor (to conform with Newton's Third Law of Motion) urges the
vehicle forward, Although the majority of vehicles are self-propelled certain types,
such as barges, oil rigs, dracones, floating docks, etc., are propelled by towing. The
tow rope can therefore be regarded as the propulsor. For operation in restricted or
shallow waterways propulsion of a floating vehicle can be derived from the reaction
to a force applied directly to an immovable surface, for example, by the use of punt

1 A rocket motor may be regarded as creating its own environment consisting of the products
of combustion which issue from the nozzle. It is thus independent of the vehicle

and so is an ideal device for space travel, but fuel consumption is enormous. For example,
suppose we design a rocket motor to propel a frigate with a displacement of, say, 27 MN at
10 ms™ (ie. approximately 2700 tonf at 20 knots). The results published by Canham [1]
suggest that the total resistance of such a ship would be about 3 x 10* N (= 30 tonf). A typical
specific fuel consumption for a rocket is about 1 kg N™' h™" (= 10 ton tonf™' h™') and so the
mass of fuel to be carried aboard the ship would amount to 3 x 10* kg (= 300 ton) per hour of
cruising. Thus, to cruise even for 9 hours a .nass of fuel approximately equal to the mass of the
ship would be required; such a situation is clearly unacceptable,
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and barge poles, chain ferries and bottom-crawling vehicles. However, our interest
will be focused on vehicles operating well away from solid boundaries.

The force exerted by a propulsor on the fluid envi t will cause particles of
that fluid to move, Thus, energy is expended not only in moving the vehicle but
also wastefully in setting the fluid in motion which therefore leads to an augmenta-
tion of resistance as we saw in Chapter 5.

From the propulsion viewpoint, the chief difference between marine animals and
marine vehicles lies in the non-rigidity of the body of animals. Motion can be induced
by muscular actions which control the adjustment of appendages [2] such as hairs,
fins, tails, legs and so on, in addition to changing the geometry of the main body.
Nature infers that there is no unique method of propulsion and so it is perhaps not
surprising that in technology numerous propulsors exist. These are summarized
briefly to provide some understanding of the main problems to be solved in order
to satisfy the basic requirements for the design of a marine propulsor.

7.2 A Review of Propulsors

To achieve steady motion of a marine vehicle over a range of speeds the following
factors influencing the propulsion system need to be satisfied:

(i) Capability to produce a net forward thrust which is steady and continuous;

(ii) Capability to produce a net thrust which can be varied readily in magnitude;

(iii) Good matching between the performance of the prime mover and the
propulsor;

(iv) Compatibility with the design and performance of the vehicle to which the
propulsor is attached;

(v) Economic viability;

(vi) Ability to produce a stern thrust.

The question of steady motion was raised in Chapter 5 and it is an ideal which
we cannot reach in practice — indeed, there is no reason why we should do so.
Quite apart from the difficulty of ensuring a steady thrust from the propulsor, the
vehicle itself may be subjected to unsteady forces in the environment. We cannot
exercise complete control over wind, waves and currents, but we can, of course,
reduce their effect by appropriate design and in some instances by planning carefully
the routes over which operation is to take place.

Essentially we require that the thrust

r=T+T'
where T is the time average value of the instantaneous thrust T and T’ is the fluc-
tuating component of 7. For an acceptable propulsor we simply propose that
T'<T and that T is produced continuously. We then regard the result as steady
motion,

The resistance to motion experienced by a marine vehicle varies with forward
velocity and so to proceed at any particular steady speed the control of thrust is
essential. The resistance usually increases as the forward speed increases. However,
as we saw, notably in Chapter 6, the resistance to motion of some high-speed vehicles
does not increase uniformly but reaches a local maximum value at the hump speed.
In fact, the hump resistance may, in some cases, exceed the cruise resistance even
though the hump speed may be less than half the cruise speed.
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The range over which the propulsive thrust may be required to vary depends on
the type, the size and the desired performance of the vehicle. Although not neces-
sarily independent, the methods of thrust control may be summarized as follows:

(i) Control of the output of the prime mover by, for example, varying the rate
of fuel supply (which is proportional to the input energy) or by changing the
geometry of the prime mover in terms of valve settings, blade angles and so on;

(ii) Control of the power transmitted to the propulsor by altering gear ratios
and braking mechanisms;

(iii) Control of the output of the propulsor by adjusting its size, geometry,
speed, etc,

To satisfy efficiently the thrust requirements over a range of specified service
speeds the various components comprising the complete propulsion system must
be well matched and each component must be compatible with the others. Bad
matching may be said to occur if the propulsor operates most efficiently at low
rotational speeds, whereas the prime mover is most effective when running at high
rotational speeds. (We may note in passing that at this stage in the technical develop-
ment of the prime movers for marine propulsion the output source of energy usually
takes the form of a rotating shaft. The same, or a connecting, shaft then passes
through a suitably sealed orifice in the hull to the propulsor.) Poor matching of the
propulsor to the prime mover can result in low efficiency, mechanical complexity,
overloading of one or both comp excessive vibration, and high rates of wear,

In addition to adequate matching of components of the propulsion system the
complete system must be well matched to the vehicle. The complex interactions
between the individual parts comprising the vehicle demand that we consider the
vehicle system as a whole. For example, tugs with paddle wheels may be quite
satisfactory, but owing to the large change in draught between the empty and the
loaded conditions of a very large crude carrier (VLCC) a paddle wheel would offer
a poor match. For steady motion the resistance at the service speed must always be
matched with the propulsion system installed in the vehicle and this is often difficult
to ensure on the basis of results obtained from the system before installation, There
will clearly be an interaction between the flow about the bare hull of a ship and the
flow about a propulsor in the proximity of the hull, The assessment of interaction
effects is an extremely difficult problem to solve analytically and experimentally
determined ‘correction’ factors are thus generally used,

Economic operation is essential but often many desirable features, such as good
stability, control and load-carrying capacity, have conflicting specifications. For
example, fuel economy is often linked with high capital and maintenance cost and
exactly where the boundary of economic compromise is drawn frequently depends
on considerations seemingly quite remote from engineering solutions.

A propulsion system must be capable of procucing astern thrust in order to
reduce stopping distance and to assist manoeuvrability in confined waters. In
general, commercial and military vehicles are powered by either steam or gas turbines
(the steam being produced by oil-fired boilers or by nuclear reactors) or high-speed
diesel engines. The latter can provide reverse motion but the former, owing to a
preferred direction of rotation, cannot. Astern thrust may then be developed by
reversing the direction of rotation of the transmission shaft through a gear box.
However, reversible mechanical gear boxes transmitting large torques are bulky and
expensive. The difficulties may be overcome by the use of electrical transmission
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(the turbine being coupled to a generator which supplies a reversible electric motor
driving the propulsor) or by the installation of a separate turbine specifically used
for reverse thrust. Alternatively, the geometry of the propulsor itself may be changed
without altering the direction of rotation (e.g. by adjusting the pitch of the blades
while the propeller is rotating, as in the case of controllable pitch propellers).

Let us now consider some means of propulsion and assess how they meet the
general requirements discussed above.

7.2.1 Oars, Paddies and Paddle Wheels

The oldest man-made propulsor is the paddle or oar and it may be conveniently
considered as an extension of the arm and hand. These are good examples of com-
patible matching of the propulsor and the prime mover (a human) and this is the
principal advantage of the systems. Motion of the blade of an oar or paddle relative
to the water surrounding the boat will accelerate water particles in the vicinity of
the blade. If the velocity of the blade relative to the water is greater than that of
the boat and in the opposite direction then a forward thrust will be exerted on the
blade by the water according to Newton's Second Law of Motion. For paddling this
thrust is transmitted to the hull by the paddler, while in rowing the thrust is trans-
mitted to the hull through the rowlock.

Thrust generation by rowing and paddling is not continuous and consequently
the forward motion of the boat is unsteady. Furthermore, using humans as the
power source limits the magnitude of thrust and so the method is used only for
small boats. Steadier motion of the vehicle may be approached by developing thrust
from multi-bladed paddle wheels, However, side-paddle wheels mounted on a
horizontal axis suffer from many drawbacks, the most important being:

(i) the variable immersion under different loading conditions of the ship;

(ii) the high risk of damage in rough seas;

(iii) the alternate rise and fall of the wheels about the water level when the ship
is rolling, which results in erratic course keeping;

(iv) the increase in overall width of the ship, which can cause difficulty when
docking; and

(v) the wheels are essentially slow running and need to be matched to compatible
prime movers. The reciprocating steam engine is suited to this purpose but the
lighter, smaller, steam turbines and diesel engines are fast running and must there-
fore be equipped with large reduction gears. Most of these limitations also apply to
stern-wheel ferry boats.

Many of the disadvantages of the horizontal-axis paddle wheel are overcome by
making the axis of rotation vertical. The paddles and the disc to which they are
attached can then be fully immersed in the water below a flat portion of the ship’s
hull. The first such wheel was invented by Fowler in 1870 [3]. As the wheel
rotated linkages adjusted the angular setting of the blades in order to control the
direction and magnitude of the thrust. These propulsors were therefore able to
provide the added benefit of steering control and so eliminated the need for rudders.
At the present time there exist two variants of the vertical-axis propeller, namely,
the Kirsten—Boeing and the Voith—Schneider types [4]. In the former each blade
performs half a revolution about its own axis per revolution of the wheel, whereas
in the latter each blade performs one revolution per revolution of the wheel.
Figures 7.1 and 7.2 show the relative orientation of the blades in each case for
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g.'li—l—

Fig. 7.1 Kirsten—Boeing vertical-axis propeller,

ahead thrust, The velocity of the water relative to the blade, F'r, is the vector sum
of the velocity of the vehicle relative to the water ¥ and the tangential velocity of
the blade r2. Each blade pivot is the same radial distance r from the axis of rotation
of the propeller and £ is the angular velocity of the propeller. Provided that the
hydrodynamic force normal to the blade has a component in the direction of ¥
then a thrust force is produced, as shown in Figs. 7.1 and 7.2. These propellers have
been found particularly useful in applications calling for a high degree of maneouvr-
ability (e.g. in ferries and tugboats) but a number of disadvantages remain, such as
structural complexity, large weight and vulnerability to damage owing to the
relatively sparse protection offered by the hull.

7.2.2 Wind-generated Thrust

Sails are most often used to develop a propulsive thrust from the energy of the
wind. To propel a sailing boat in a following wind requires no more than a simple
transverse sail. Alteration of the sail area then allows adjustment of the forward
speed. The efficiency of the sail, whether mounted transversely or obliquely to the
wind, may be improved by using flexible material for the sail so that it will billow,
that is, a convex surface is presented to the air in the direction of motion. The
maximum speed attainable by a given boat depends on the velocity of the wind
(which may not necessarily be uniform across the sail area) and upon the strength
of the material making up the sails, mast and rigging. In this condition the boat is
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Fig. 7.2 Voith i ical-axis prop

said to be ‘running before the wind’ and thrust is thus developed by placing a bluff
body (i.e. one that has a large drag coefTicient) across the path of the wind.

The ism of thrust g ion by a sail is rather more complicated when
the boat is ‘beating into t.he wind’, that is, when its heading is somewhat greater
than about 45 degrees to the oncoming wind, as shown in Fig. 7.3, When the sail is
properly shested the flexibility of the material enables the sail to ‘fill out’ and take
up a cambered shape to become quite an efficient aerodynamic lifting surface. The

Fig. 7.3 Forces on a simple sail
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net forces on each side of the sail may be resolved into lift and drag components
normal and parallel to the relative wind direction. It can be seen in Fig. 7.3 that the
resultant of these local forces Fy can itself be resolved into lift and drag components
L, and D,, or alternatively, into a propulsive thrust T in the Cx direction, where C
is the centre of mass of the vessel, and a (larger) side force ¥, which induces a drift,
The conventional hull of a sailing boat offers a large resistance to drift owing to the
installation of a centre board, dagger board or fin keel and so drift can be kept
small. On the other hand, the resistance to forward motion X (along —Cx) is small
because the hull is streamlined for this mode of operation. The boat therefore moves
forward with velocity ¥, along Cx but with a smaller velocity of drift ¥ along Cy
so that the vector sum of these components is ¥ directed off the beam. By beating
first to one side of the relative wind direction and then to the other (i.e. to ‘tack’)
1 becomes possible to progress in a ‘zig-zag’ fashion against the wind. Further
details on the aerodynamics of sails and yachts generally are given by Kay [5].

1t is worth noting, however, that the use of wind forces for the propulsion of
ships is not necessarily reserved for small craft. There have been several recent
conferences, see for example [6—9], which have discussed the wind propulsion of
ships having displacements up to 200 MN (= 20000 tonf) or so. Some interesting
propulsion devices have been investigated and, at least on the question of aero-
dynamic effectiveness, many can be considered to offer viable techniques either as
total or supplementary power sources. These have been discussed and compared in
[10, 11]. Considerable development on the design of sails and their automatic
control has taken place in recent years and the adoption of aerofoil sections with
faired masts, into which the flexible sails may be furled, appear to offer a significant
challenge to conventionally powered ships. However, the careful selection of
routing is crucial if competitiveness, in terms of size and speed, is to be made avail-
able. Arguments have been put forward to support the use of wind turbines on ships
in [12]. Probably, the vertical-axis type of rotor will prove the best alternative as it
is independent of wind direction. Use may be made of (i) power in the rotating
shaft to drive a propeller, through as yet unspecified auxiliary machinery, or (ii) the
aerodynamic force on the rotor in the direction of the relative wind, that is a kind
of sail. In principle it is possible 10 sail into the wind but there are many problems,
mainly structural [13], which have yet to be investigated, let alone overcome.
Another, quite different, form of wind propulsion is to use the towing forces of,
possibly, a series of high-flying kites as suggested in [14]. At high altitude, say
above 1.5 km (= 5000 ft), wind speeds rising up to 50 ms™" (= 100 knots) are
common and so, for large kites, substantial towing forces may be obtained. Even at
300 m (== 1000 ft) the wind velocity can be 2.5 times that at mast height. Another
important characteristic of winds at high altitude is that the direction of motion is
often quite different from that of the surface winds. This veering effect is the result
of the Ekman Spiral in the aerodynamic boundary layer (which may be compared
with the same phenomenon in the oceans referred to in Section 2.5.2). It is then
possible tosail into the surface winds, but there are likely to be problems of stability
and it will be also necessary to improve kite efficiency. Improvements in winch
design and remote-control systems are the probable aims for the future progress of
wind propulsion.

Another interesting device for wind propulsion is the Flettner Rotor [15] which
takes the form of a vertical cylinder that rotates about its vertical axis of symmetry
and is mounted above the deck of the ship. As a result of the Magnus Effect [16] a
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cross-wind force is generated on the cylinder perpendicular to the oncoming relative
wind. Substantial cross-wind forces can be obtained by rotating several cylinders at
high speed and so even in moderate winds the cylinders can be quite small (relative
to sails, say). The demands on auxiliary power, which must be available, can be
large and the rather high drag of the cylinder is also a disadvantage when sailing to
windward, As with all ships driven by surface winds limitations arise from the
unpredictability of wind speed, direction and duration. No control can be exercized
over the wind and no propulsion can be achieved in a dead calm. This means that
commercial scheduling of cargo and passengers and the potency of naval ships
‘become unreliable. Even though this energy from the wind would cost nothing, and
despite the escalating cost of conventional fuels, the only wind-powered vessels in
common use are sporting, survival and training craft. However, we may see significant
use of wind power once optimization criteria for routing, proportion of auxiliary
power requirements and systems control have been established.

7.2.3 Jer Propulsion

Unlike the rocket motor the jet engine does not create its own environment but
reacts with the environment surrounding it. Essentially, the device operates by
transferring energy to the fluid entering the engine so as to increase the momentum
flux of that fluid. The reaction to this increase of momentum flux provides the
propulsive thrust exerted on the engine (and thus on the vehicle to which it is
rigidly attached) giving rise to forward motion.

Air entering a gas-turbine jet engine passes through a compressor in which the
air pressure is raised by a factor of about 5 or 6 before entry to the combustion
chamber. Here, mixing with atomized fuel takes place with subsequent combustion
and ejection of the air—fuel mixture at high temperature through a nozzle. Before
reaching the nozzle, however, the exhaust gases pass through a turbine stage which
drives the compressor once ignition has commenced. The main benefit of the gas-
turbine engine accrues from its high power-to-weight ratio which is an essential
tequirement for high-speed aircraft. The application to marine vehicles is limited
owing to the low propulsive efficiency and large specific fuel consumption for low-
speed operation. However, there has been some call for these propulsion devices in
high-speed craft, particularly for hovercraft on commercial and rescue operations
and naval patrol boats.

In a hydraulicjet propulsion system (the earliest mechanical .ystem proposed
for ships, patents having been granted to Toogood and Hayes [3] in 1661) the
momentum flux of the oncoming water, relative to the vehicle, is increased by an
externally driven pump housed in a duct. The duct consists of an inlet region and
an exhaust nozzle as shown schematically in Fig, 7.4, The intake is usually positioned
cither close to the bows or in the form of a scoop near to the keel of the craft.
Typical water-jet systems are illustrated in [17] and it is clear from these examples
that the flow approaching the intake is non-uniform owing to the presence of the
hull boundary layer, interference from appendages and three-di ional flow near
the bows. As a result, the performance of the installed propulsion system may be
significantly inferior to that predicted on the basis of uniform flow at entry to the

ump.

F L]e)l us now derive a simple theory of hydraulic-jet propulsion. Suppose that,
relative to the vehicle, water of density p enters the intake uniformly with a steady
rearward velocity ¥ equal to the forward velocity of the vehicle, and is ejected
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through a nozzle of area A, with a steady, uniform rearward velocity ¥ relative to
the vehicle. The rearward force exerted by the vehicle on the water is equal to the
rate of increase of momentum of the water and must also be equal and opposite to
the forward thrust the water exerts on the vehicle, Thus the propulsive thrust T is
given by

T=pVidalV; - ). .
The useful power obtained in propelling the vehicle is then TV (= RV, where Rt
is the total resistance to motion of the vehicle).

We may now apply the steady-flow energy equation to a fluid particle entering
the duct at plane 1 with a velocity ¥ and pressure py and leaving the duct at the
nozzle exit plane 2 where the jet velocity is ¥; and the pressure is p; . From Fig. 7.4
it can be seen that

v? vi
':T;fi-'fAH:%:fi;-'*h'fh (1.2)

where the energy datum is taken to be the centre line of the intake. The term AH
accounts for the increase of energy per unit weight of water supplied by the pump
and ky is the rotal loss of head (i.e. energy per unit weight) in the complete jet
system. We here group together all the losses which occur at the intake and in the

duct, pump and nozzle; the of these p is y

that LI:e bient p above the water line is constant
and that the water into which the vehicle moves is stationary, then Equation (7.2)
reduces to

AH=%(V,-’ V) +hj+hy. (13)

The energy per unit time (i.e. power) transferred to the fluid by the pump is, there-
fore,

PEViAnAH = pVido {4(VE = V2) +glh; + )}
that is,
Poump = Va4 (V] - V7)) 446V 4 gy} (7.4)
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where we have made the substitution hy = kV’,’zg and since the flow in practice

may be idered fully turbulent k is virtually indep of V.
The propulsive efficiency of the jet system can be written in the form
v . oVin(V - VIV

" Poump VAR - V)1V 1)
which may be rearranged to yield
2V(V; -
V-V eV +2ghy
For the sake of simplicity, let us suppose h; =0 so that with ¥}/¥ = Equa-
tion (7.5) becomes
= 2TOJ-_1) " (7.6)
AN -1+k
The ideal efficiency (for inviscid flow) occurs when k = 0; then Equation (7.6)
shows that 7 = 1 as A - 1, However, there is then no thrust exerted by the water
on the vehicle. The variations of n with A for given values of k are shown in Fig. 7.5.
Evidently, for each value of k there is a maximum value of n and the effect of
friction is seen to be most marked at small values of A;, The maximum efficiency is

given by
_ak
Tmax =5 e R (%))

7= 1.5)

Fig. 7.5 i of e 5 ing for losses.

Google —



348 [ Mechanics of Marine Vehicles

and this occurs when

N=1+ VE. (7.8)
For a given thrust large values of Vj imply a concomitant decrease in mass flow
rate (= pAp ¥;) for a given forward speed of the craft. Consequently, inlets, ducts,
pumps and nozzles then become smaller and lighter. Propulsion systems are there-
fore chosen so that A > 1 ++4/k, and the resulting reduction in efficiency from the
optimum given by Equation (7.7) must be accepted. Furthermore, sufficient thrust
must be available from the system to overcome the hump resistance which can be
especially large for highspeed craft (see Chapter 6). At the relatively low speed
corresponding to the hump the large thrust necessary to accelerate the vehicle to
the cruise speed requires AN to be large as shown in Equation (7.3). Since the
pump is often located closer to the nozzle than the inlet, the pressure of the water
at entry to the pump may be so low that cavitation may occur. This problem can
be lessened by ensuring that the ‘static lift" A; is kept as small as possible. However,
the simple drive from the prime mover indicated in Fig. 7.4 cannot then be adopted.
The difficulty is particularly acute in the case of hydrofoil craft where the intake
must be located on the main struts just above the foil. Provided that cavitation
inception can be avoided at the hump speed the subsequent ‘ram’ pressure at higher
speeds should ensure cavitation-free operation, but an additional ‘resistance’ com-
ponent must be accepted. The methods of selecting the necessary pump to match
the system energy losses and thrust requirements are out of context here but details
are given in [18, 19]. Pump sizes can be reduced for a given thrust requirement by
dividing the total discharge into a number of parallel units. For example, the hydro-
foil test craft Tucumeari used several double-suction centrifugal pumps all mounted
on a common shaft [20] and this principle was used to drive the Jetfoil with a pair
of jets each produced by a pump absorbing some 2.475 MW (= 3320 hp).
For steady motion of the vehicle a thrust coefficient (equivalent to the total
resistance coefficient discussed in Chapters 5 and 6) may be formed as follows:

o TR _.dq 1’1)(1’1 )

7 V5. 1oV5w 5w (V v ! 3
where S, is the wetted surface area of the underwater hull and appendages. Let us
consider a conventional surface ship for which a value of C7 of 0,005 is typical and
suppose that ¥j =2V, For k = | we have iy = 0.5 from Equation (7.7) and so

An/Sw =0.001 25 from Equation (7.9). A ship of length 300 m (= 1000 ft),
draught 20 m (= 67 ft) and bearn 30 m (== 100 ft} would require 1 nozzle e)ul area
Ap of about 25 m? (2= 280 ft*) and an intake area of about 50 m* (= 560 ft) for
a simple, straight-through jet system with the intake at the bows and the nozzle at
the stem The volume occup;ed by the propulsion system could be as much as
15000 m* (=5.56x 10° ft*) and this Tepresents a considerable loss of space. More-
over, a4 or 5 per cent increase in size would be needed to accommodate the propul-
sion system, which would result in a higher hull resistance from the increased surface
area. Little benefit is gained by increasing Vj/¥, and so the hydraulic-jet propulsion
system does not really commend itself to large scale, low-speed applications.

An interesting assessment of efficiency for a variety of craft is given in [3] and it
is clear from these results that propulsion efficiencies greater than 60 per cent are
unlikely. However, as alternative propulsion systems for small high-speed craft have
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efficiencies no better hydraulic jets become more competitive. If the craft runs in
clean water the inlet grilles may be left off, so that large energy losses there can be
avoided and a consequent saving in space made with the smaller duct/pump system.
Furthermore, by using nozzles which are directionally adjustable in the horizontal
plane a high degree of ability is achieved without i porating a rudder.
The added safety of a fully shrouded propulsor is also a significant factor for sport-
ing craft.

7.24 Screw Propeller

The introduction of steam turbines into ship propulsion would have been greatly
hindered by the limitations of the paddle wheel owing to the necessary installation
of large reduction gears. A new propulsor was therefore needed and this proved to
be the screw propeller (Fig. 7.6). It was first used on a large ship by Brunel for the
Great Britain in 1845 and has since remained the most common method of ship
propulsion. R, E. Froude pioneered much of the early development of marine
propellers which in turn laid the foundation for the design of airscrews.

The present-day screw propeller consists of 2—20 but generally 3—7 blades of
hydrofoil section mounted symmetrically on a boss fixed to a shaft. The shaft passes
through glands and seals in the hull of the vehicle before connecting to the prime
mover. Relative motion between a blade and the water results from forward motion
of the vehicle and from rotation of the propeller. As the surface of each blade lies
on a helicoid generated about the shaft axis this combined motion may be likened
to that of a screw.

The propeller usually takes the form of a ‘pushing’ device placed near the stemn
of the vehicle with the shaft passing through and supported by an extension of the
hull called the stern tube. In this location the propeller is protected by the hull
from damage and the flow d from the propeller does not interfere with
that round the major part of the hull. Unfortunately, the flow approaching the
blades is very disturbed at the stern, but as we shall see later the operation of a
propulsor in a wake can be an advantage. Some 60—65 per cent of the power avail-
able at the shaft may be converted by the propeller for useful propulsive purposes.
Thrust is continuous and reversible and is easily controlled by adjustment of the
shaft speed and/or the angular setting of the blades. The optimum performance of a

Ahead

—
Rotation

Fig. 76 Screw propeller.
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screw propeller is compatible with both steam turbines and marine diesel engines,
although (relatively small) gear boxes are necessary, and the capital cost of a propel-
ler even though high is a relatively small proportion of the total cost of the vehicle,
In sea-going ships the propeller must be kept below the water surface so that the
phenomenon of air draw-down, with subsequent ventilation, is avoided. Broaching
of the surface by the blades and thus racing of the propeller must also be prevented
by deep submersion. However, when the draught is shallow the propeller may be
surrounded by a short duct. Indeed, it has been found that a ducted propeller is
often quieter, more efficient and produces a greater thrust than its unshrouded
counterpart in the same location. There are two principal variants of the ducted
propeller; the pumpjet and the Kort nozzle. The precise ways in which the improve-
ments in performance are achieved are still not fully clear and a detailed examination
of these propulsors is beyond our present scope. Nevertheless, the main principles
governing the behaviour of ducted propellers will now be di d briefly.

(a) Pump Jet

The pump jet consists of a rotating impeller with fixed guide vanes (stator) either
ahead of it or astern, or both, the whole unit being enclosed in a short duct concen-
tric with the impeller. The area of the duct increases between the inlet and the
impeller (see Fig. 7.7) which results in a gradual increase of static pressure from the
upstream value. In this way cavitation in the vicinity of the blades can be delayed.
The formation of trailing vortices (see Chapter 6) from the tips of the impeller
blades is inhibited if the tip clearance between the blades and the duct is kept small,
and this leads to a somewhat higher efficiency compared with the equivalent ‘open’
propeller. However, the roral surface area of the duct gives rise to an additional
increment of skin-friction resistance.

(b) Korr Nozzle {Ducted Propelier)

The main features of this device, introduced in 1933 by Kort [21], are shown in
Fig. 7.8. The longitudinal sections of the axisymmetric duct are of hydrofoil shape
and often the NSMB.19A design is now used [22]. The length of the nozzle is
generally about one-half its diameter, and in contrast to the pump jet it is seen that
the cross sectional area of the duct decreases between the inlet and the propeller.
Compared with an ‘open’ propeller of the same size the ducted propeller draws in
a greater mass of water. For a given thrust this larger quantity of water must be

_’y“" I
e C g e
—-'--_.__

Support and Drive not shown
Fig. 7.7 Pump jet.
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Suction pressures
induced on this surface

Inflow Jet
—

Duet or Nozzle
Fig. 7.8 Kort nozzle.

given a smaller acceleration so that a higher propulsive efficiency results. Moreover,
the accelerating water induces suction pressures on the inner surface of the duct in
the inlet region and there is, therefore, a forward thrust on the nozzle and thus on
the hull to which it is attached.

In the past the Kort nozzle has been found especially effective when large thrusts
are required from vehicles moving at low forward speeds or when stationary. Kort
nozzles are often to be found on tugs and result in an increase of up to 40 per cent
of the static thrust exerted by an identical open propeller. More recently, such a
ducted propeller was fitted to a VLCC of aver 2 GN (2 200 000 tonf) displacement
(the Golar Nichu) and during the first two years of service this ship showed a pro-
pulsive efficiency gain of 6 per cent and a small increase in speed over her sister
ihips wluch were powered by conventional screw propellers [23]. A theoretical

ion [24] has indicated that tip cl should be kept to about 0.5 per
cent of the p ller di , but by adjusting the radial distribution of thrust on
the blades, so lhll increments of thrust dcvelopcd near to the tip region are reduced,
rather larger clearances are possible without large reductions in efficiency.

As in the case of the nozzle of a hydraulic-jet system directional thrust, and thus
manoeuvrability without rudders, can be obtained from both the pump jet and the
Kort nozzle by pivoting the duct about a vertical axis. Incidentally, there appears to
be no readily available data on astern thrust for ducted propellers but clearly their
effectiveness is likely to be severely curtailed. An appraisal of many aspects of
ducted propeller design and performance can be found in the proceedings of the
symposium referred to in [23].

With the preceding advantages it is no small wonder that the screw propeller reigns
supreme, at least for the propulsion of vehicles at speeds up to 15 m s~
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(=30 knots). Many series of blade geometries have been devised and tested and more
recent investigations have turned to types operating satisfactorily at vehicle speeds
in excess of 25ms™"' (= 50 knots). Because of its vital importance and unique
standing as a propulsor we shall devote the remainder of this chapter to a discussion
of the behaviour and perfi of the screw propeller. Before doing so it is worth
summarizing the principal features of the various propulsors we have examined so
far and this is done most effectively by referring to Table 7.1. A more detailed
investigation of the comparative attributes and performances of many kinds of

Table 7.1  Principal characteristics of marine propulsors.

System of Principal Principal Remarks

propulsion advantage(s) disadvantage(s)

Oars, paddles well matched to low, unsteady use confined to
manpower thrust small boats

Paddle wheels efficient; can require low-speed use eliminated by
provide directional engines; easily steamn turbines and
control damaged diesel engines

Verticakaxis efficient; niechanical heavy; costly use on ferries and

propellers adjustment of blades; in confined waters

does not broach
surface of water; provides

high degree of
steering control and
thrust
Sails do not require inefTective in use largely
mechanical power absence of wind restricted to sport
‘but possible future
importance for
commercial operations
Flettner only require mechanical ineffective in possible adoption of
rotors power 1o rotate absence of wind wvariable height
cylinders cylinders for adjustment
in gales
Rocket motors  can operate in a very high fuel might be used in
vacuum; can give consumption emergencies
very large thrust
Hydraulic no parts external large duct losses efficiency increases
jets to vehicle can lead to low at higher vehicle
efficiency speeds
Pump jet duct length expensive to build  used in shallow-
reduced from preceding and install draught ships
device; cavitation
delayed
Kort nozzle high thrust at cavitation occurs used on tugs and
zero forward speed earlier than pump large tankers
jet
Screw simple, efficient cavitation limits used on all types of
propeller and relizble performance marine vehicle
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propulsor is given by Silverleaf [25] and the selection of propulsion systems for
high-speed marine vehicles has been reviewed in [26].

7.3 Thrust and Efficiency of an Actuator Disc

A simple model of the steady flow of a fluid through a screw propeller can be
ined by replacing the propeller by a thin, isolated ‘actuator disc’. The fluid
passing through the disc is assumed to experience a sudden increase in pressure,
whereas the axial velocity of the fluid remains continuous. Fortunately, the detailed
mechanism by which such an artificial propulsor generates thrust need not detain
us — we seek only the overall behaviour. The magnitude of the thrust developed by
the disc can be explained entirely in terms of the changes of axial momentum
taking place in the fluid, but no details of the particular propeller to produce a
given thrust can be deduced. This representation of a propeller was introduced by
R. E. Froude [27], among others.
There are two cases to be considered: ﬁrst we shall assume that the flow down-

stream from the prop no p of velocity ; and second
we shall assume that a weak rotation is present.
7.3.1 Axial Accel Without D R

(a) Open Propeller Actuator Disc

The flow relative to the disc is illustrated in Fig. 7.9(a). The disc moves forward at
a steady velocity of advance ¥, parallel to its axis of rotation, into a stationary,
constant-density inviscid fluid of infinite extent into which it is deeply immersed.
The propeller disc is assumed to impart a uniform acceleration to all the fluid
passing through it so that the thrust generated is uniformly distributed over the
disc. (Glauert [28] has shown that as a uniform thrust loading leads to minimum
energy losses the efficiency of this system will be the maximum attainable.) The
stream tube containing all the fluid which passes through the disc must therefore
contract in the downstream direction. The contraction cannot take place suddenly
at the disc because the axial velocity of the fluid is continuous there; the actual
contraction and acceleration must occur outside the disc and extend for some
distance upstream and downstream as shown in Fig. 7.9(a). We shall, however,
consider the disc to be lightly loaded so that the contraction is small and therefore
the radial component of fluid velocity, v, is also small. It follows that the axial
velocity of the fluid relative to the disc increases from ¥, at section 1, which is
effectively an infinite distance upstream from the disc, to P (1 +a) through the
disc and to V(1 +b) at section 2, which is effectively an infinite distance down-
stream from the disc. The absolute induced velocities at the disc and at section 2
are, therefore, a¥a and bV4. In the present context a is known as the ‘axial inflow
factor’.

Uniform loading of the disc also ensures that both pressure and velocity are
constant across any given section of the stream tube. In particular, the pressure
across the cylindrical tube at section 1 is pg. Since the fluid extends to infinity the
pressure is also pg at the cylindrical section 2 and indeed over the whole curved
surface of the stream tube. No net pressure force is therefore exerted on the fluid
contained in the stream tube between sections 1 and 2, as demonstrated in [29].
The constancy of pressure and velocity over a cross section of the tube leads to a
point worth noting. The pressure on the surface of the tube is py and this implies
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Fig. 7.9

that the velocity on that surface is ¥y (since po +§pV} is constant along the
streamlines in that surface). Thus both pressure and velocity are discontinuous at
the curved surface of the stream tube.

The uniform pressure at the upstream face of the disc is p and at the down-
stream face, following a jump in pressure p', it is p +p’. We may now apply Bermn-
oulli’s theorem to any streamline in the approach flow from section 1 to the disc
and ignore the small changes in elevation, whence

Po+4pVR =p +hp[{VaQ1 +2)}7 +37] (7.10)
where v is the (small) radial component of velocity of the fluid. Similarly, we can
apply the same theorem to a streamline emanating from the downstream face of the

disc (at the same radiusas that corresponding to the radial velocity ¥) and extending
10 section 2:

p+p" thal{Val +a)}? +97] =po +4a {¥al1 +B)1. (7.11)
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The i of p p' is thus obtained from Equations (7.10) and (7.11):
B’ =4ob(2 + B)VE (1.12)

and is uniform over the disc. The thrust exerted by the fluid on the disc of area A4 is
given by

T=Ap = bpAb(2 +b)V}. (7.13)

Now the equal and opposite reaction, that is the force exerted by the disc on the
fluid passing through the disc, can be equated to the rate of increase of axial
momentum of the fluid passing through the stream tube (there is no rotation far
downstream from the disc) and so

T = (mass flow rate) { V(1 +b) — Va
=pAVx(1 ta)hVa

that is,

T=pAb(l +a)V3. (7.14)
Equations (7.13) and (7.14) can be combined to show that

b=2a (7.15)
and so

T=2pAa(l +a)V}. (1.16)

The velocity at the disc is, therefore, the arithmetic mean of the velocities well
upstream and well downstream and so the same overall change in velocity occurs in
the upstream and downstream flows. It follows that the same change in static
pressure occurs in the upstream and downstream flows. The variations of static
pressure and velocity relative to the disc are shown in Figs 7.9(b) and 7.9(c).

The energy per unit time (power) supplied to the fluid gives rise only to an
increase in kinetic energy per unit time, The absolute velocity of the fluid passing
through the disc increases from zero to bV, (= 22¥,) and thus the power absorbed
by the fluid is

Pye = §(mass flow rate}a’ Vi
= 2pA(1 +a)?¥}

which is contained by the slipstream. The useful work done per unit time is the
output power absorbed in propelling the disc through the fluid, that is,

(717)

Pouy = TV = 204a(1 +a)V3. (7.18)
The input power to the propeller is, therefore,
Pin =P + Pour = 20Aa(1 +a)* V3 (7.19)
and so the ideal efficiency n; of the actuator-disc model of a propeller is given by
I
ni= P e (7.20)

We may use Equation (7.16) to define a thrust coefficient for the actuator disc
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which takes the form
T
Cr=——=4a(l +a). (7.21)
T 1oavi (1 +a)
Hence the inflow factor, @, is given by
a=4{(+cp)? -1} (7.22)
whem the radical is taken with the positive sign since a and T must vanish together.
ion of 2 from Equation (7.22) into Equation (7.20) yields, for the ideal
propulsive efficiency,
2
i = . 7.23
TETra e .23

The relationship (7.23), shown in Fig. 7.10, must be regarded as representing the
highest possible limit for the propulsive efficiency; practical values are considerably
less than shown, although 0.7 is quite common for lightly loaded propellers. Evid-
ently, the ideal (or Froude) efficiency increases with increasing p, A and ¥ but
decreases with increasing thrust. The designer consequently aims generally for low
thrust coefficients, say less than 3.1 Since p, V5 and T are set by conditions other
than those pertaining directly to the propeller it is advantageous to use the largest
practicable propeller diameter.

10 T T ¥
m
os| g
1 1 1
a 5 m 5 20
Cr=ThpAVE

Fig. 7.10 Ideal efficiency of an actuator disc.

Figure 7.10 and Equations (7.21) and (7.23) can be used to show the expected
superiority of water propellers over corresponding air propellers. Suppose each is
the same diameter, advances at the same speed and develops the same thrust. The
ratio of water to air densities is about 830 and so the thrust coefficient for the water
propeller will be far less than that of the air propeller. The former will thus be more
lightly loaded and possess a higher ideal efficiency. Alternatively, to achieve the
same ideal efficiency for a given T and ¥ the diameter of the air propeller must be
nearly thirty times greater than the corresponding water propeller. At least from
the viewpoint of ideal efficiency it would seem preferable to use water propellers

1 It should be noted that the mmsl. ceefficient defined here is not the one commonly used for
all use another definition which will be justified later.
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whenever possible, but there are many other factors which may invalidate such a
choice.

We can now show that the power required to produce a given thrust by a propel-
ler in the wake of a ship is less than that required by the same propeller in open
water. Uniform flow is again assumed, even in the wake, and the two arrangements
of the actuator disc are as shown in Fig. 7.11. Application of Equation (7.16) to
the “disc in wake’ and the ‘disc in open water’ yields, for a given thrust,

T=2pAay(] +aw)Vh = 2pAa(l +a)V? (7.24)
where a,, is the axial inflow factor for the ‘disc in wake’, that is
Va\?__a(l+a)
( v ) (] *aw)’ {22

The input power to the propeller disc is given by Equation (7.19) and hence the
ratio of input power of the ‘disc in wake’ to that of the ‘disc in open water’ is,
after using Equation (7.25),

Pp_2pAau(l +auP VR _(1 +aw)Va —_
Po  2pAa(1 4+a)’V>  (L+aV ’
From Equation (7.24)
a4 +aw — T[20AV =0
whence
ay =41 +(1 + 27/paV})"?}
and the positive sign in the radical is taken because a, has the same sign as 7. Thus

1+ay, =4 {1 +(1 + 2T)pAVE)" 3} (7.27a)
and similarly
La=4{1+(1 +2T/paV?)2}, (7.27b)
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(a) Actuator disc in wake
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(b} Actuator disc in open water
Fig. 7.11
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Substitution from Equations (7.27a) and (7.27b) into Equation (7.26) shows that

Pa_ 1L4(1+2T/pAVR)' 2 tVa _ Va + (VE + 2TJpA) 2
Pa  {L+(142T/paV?)' 3}y ¥ +(¥? +2Tfpa)'* ~

This ratio must be less than unity because the wake is a region of retarded flow and
50 Fa < V. However, as we shall see later, the presence of a propeller close to the
hull effectively increases the resistance of the vehicle,

(b) Ducted Propeller Actuator Disc
The previous analysis can be extended to include a duct round the propeller (see
Fig. 7.12) provided that we again consider the flow to be steady, axisymmetric,
inviscid and of constant density. Clearance between the duct and the very thin
actuator disc is considered to be exceedingly small, Other conditions on pressure
and velocity within and on the surface of the stream tube containing the disc remain
as before. We now need to examine the combined effect of both the propeller plus
duct and of the propeller alone. We shall not examine the theoretical details leading
to the design of the cylindrical duct and its hydrofoil section. Suffice it to say that
the hydrofoil shape is designed around part of the surface of a stream tube so that
it forms the camber line. Thus, the thickness of the hydrofoil section making up the
duct wall reduces the diameter of the disc for given areas at sections 1 and 2.

Far the uniformly loaded disc we may now apply Bernoulli’s theorem along a
streamline between section 1 and the disc and between the disc and section 2.
Equation (7.13) is again derived but it must now be identified as applying only to

(7.28)
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the ‘propeller alone’ thrust
Tp =4pAb(2 + BV, (7.29)

Application of the axial momentum equation to the flow in the stream tube then
leads to Equation (7.14), but here the thrust is that exerted on the fluid by the
combined propeller-plus-duct arrangement and so

T=pAb(1 +a)Vi. (7.30)
The kinetic energy lost per unit time in the slipstream is
Pye = k(mass flow rate)p? ¥E = 4pA(1 +a)b Vi. (7.31)
The ideal efficiency is given, as before, by
TV,
i A (7.32)

TTVA+Pe 2tb
after substitution from Equations (7.30) and (7.31). The value of b can be found
from Equation (7.29), that is

b=Q+rCp)V? 1 (7.33)
where

7=TyT (7.34)
and Cy is given by Equation (7.21). The expression for n; which corresponds to

1. T T T T
TaT,IT
0.9 0.7 =
.8
0.9
08} o
1.0
"
0.7 -
06
05 L L 1 1
Q 1 2 3 4

Cr = ThpAV]
Fig. 7.13 Ideal efficiency of an actuator disc in a duct.
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Equation (7.23) is obtained by substituting for b from Equation (7.33) into Equa-
tion (7.32) with the result that

2
KT ey (7.35)

Equation (7.35) differs from (7.23) by the presence of  in the denominator and
clearly for the duct to be effective > Ty, and so 7 < 1. The variation of n; for
different values of 1 is shown in Fig. 7.13. It should be noted that the application
of the preceding theory is strictly concerned only with lightly loaded propellers for
which Cz might be less than unity. We may then deduce that the advantage of the
ducted propeller is that its diameter is smaller and the ideal efficiency higher than
an open propeller with the same C7. Similar deductions can also be made when the
theory is extended to cover high values of C7 as shown in [30].

In practice, the overall efficiency is reduced owing to the presence of shear stresses
on both the propeller and the duct. Nevertheless, it has been found that for high
propeller loadings (e.g. Cr > 3) the ducted propeller has a substantial advantage, in
terms of efficiency, compared with the corresponding open propeller. A particularly
appropriate application of the ducted propeller is for the propulsion of fast modern
tankers [23].

7.3.2 Effect of Rotation in the Slipstream

The power developed by a prime mover inside the vehicle is transmitted as torque
in a rotating shaft to which the propeller is connected. Thus, the fluid passing
through the actuator disc model experiences an increase of angular momentum as a
reaction to this torque, and so the fluid downstream of the disc possesses both an
axial and a rotational velocity component. Far downstream from the disc the path
traced by a given particle takes the form of a helix. We therefore have an idealiza-
tion of the screw propeller and the effect of rotation on the ideal propulsive effici-
ency must now be examined. A detailed development of the theory is given by
Glauert [28] but here we shall be content to introduce a number of reasonably
tenable assumptions in order to provide a simple modification to the preceding
analysis. Attention will also be restricted to an examination of the open propeller,
Compared with the axial velocity component we assume that the actuator disc
imparts only a small tangential velocity component to the fluid. This assumption is
made partly for the sake of simplicity and partly on the basis of physical evidence
from propellers with small values of C7. Hence, in the equation describing radial
equilibrium of a fluid particle,
P,
3 W (7.36)
(where p is the pressure at the point occupied by the particle and co is the angular
velocity of the particle at radius ¥ measured from the axis of rotation of the disc)
the right-hand side is negligibly small. To good accuracy, therefore, the static pres-
sure at a given section of the flow can again be considered constant over that section.
Reference to Fig. 7.9 shows that the absolute axial velocity of the fluid in a
rearward direction at section I, the disc and section 2 is 0,a ¥ and &V, respectively.
These components are taken to be constant over the cross section considered and
we now make a similar assumption about the induced absolute angular velocity at
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the same sections; these are taken as 0, a'Q and b'Q2 respectively, where £ is the
angular velocity of the disc. These velocity components are in the same sense as the
angular velocity of the disc, The rotational inflow factor 2’ arises from the rotation
of the fluid induced by the disc at entry to the disc.

Let us now consider the passage of an elementary mass of fluid 8m in unit time
between section 1 and section 2 shown in Fig. 7.9. In analogy with the expressions
leading to Equation (7.14) we can write

5T = (m)bV, (7.37)

where 8T is the increment of axial downstream force exerted on the mass m and is
equal in magnitude to the forward thrust exerted by this element of fluid on the
disc. It isimplied here that at any cross section the element ém is contained between
radii r and r +&r and that there exists no mutual interference between adjacent
annular elements. It is thought that in practice such an assumption is not seriously
in error. The torque 0 applied to the element by the actuator disc can be equated
to the increase in angular momentum of the element, that is

5Q=(BN'Q (7.38)
where 8/ is the moment of inertia of the element about the axis of rotation of the
disc at section 2.

The power absorbed by the disc during the passage of the element through it is
(5Q)2 and this must provide the useful work per unit time (§7)¥, and also the
increase in axial and rotational kinetic energy per unit time. That is,

(BOXE = (BTIVa +4(6mNbVa)® +4(BINE'D) . (7.39)
Substitution for &m and &7 from Equations (7.37) and (7.38) into (7.39) gives
(BQXU2 - b')= (5TIWVa(2+b),
and so the ideal propulsive efficiency of the element is

=80V 2 -p
eoa 2t
It may be shown [28] that the relationship b = 22 derived for the axial momentum
theory is not strictly true when rotation of the slipstream is taken into account.
However, for the torque and thrust loadings normally adopted for open screw
propellers operating at maximum efficiency the departure from this relationship
is small enough to be neglected. Furthermore, it can be shown that b’ = 24, and so
one-half of the final angular velocity of the fluid at section 2 is acquired prior to
entry into the disc. Equation (7.40) may now be written in the form
_1-d
1+a

(7.40)

i (7.41)

and this may be compared with the ideal efficiency of the simple theory given by
Equation (7.20), namely
=
W Trar
It is clear that, as a' is positive, the ideal efficiency obtained when rotation in the
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slipstream is accounted for is less than that obtained when rotation is ignored.
Within the limitations of our p this arises from the additional increment
of rotational kinetic energy supplied by the disc and contained in the slipstream.
Finally, the condition of minimum energy losses results in Equation (7.41) applying
not only to a particular annular element of the disc but also to the disc as a whole.
The subsequent distribution of thrust and torque over the propeller must then be
consistent with this constant-efficiency condition.

7.4 Flow Through a Screw Propeller

In order to determine the shape of the blades making up the propeller we must
investigate the nature of the flow about each blade element. Figure 7.14 shows a

Q = total torque
absorbed

(al

Face

Flow direction relative
‘to propeller

T = Total thrust
(b) F developed
Fig. 7.14 forces and on a screw
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four-bladed propeller attached to a shaft which rotates at a steady angular velocity .
The flow approaching the propeller is considered to be steady and uniform and
so the forces and moments on each (identical) blade must also be steady. The
resultant hydrodynamic force on each blade acts at the hydrodynamic centre H, a
distance ryy from the axis of rotation. This resultant force may be resolved into three
components: a propulsive thrust parallel to the shaft axis, a tangential force, and a
radial force F;. The total tangential force on the propeller gives rise to a torque Q,
resisting rotation, which must be supplied by the shaft. Reference to Fig. 7.14 shows
that the net radial hydrodynamic force on the propeller is zero.

The problem now is to determine the geometry of each section of the blade so
that we can achieve the desired total thrust from the propeller. At the same time,
the input torque to the shaft must be kept to a minimum. In general, blade design
is so complex that here we shall only hint at the procedure and refrain from the
detail.

7.4.1 Vorrex System of a Propeller

Let us first take a simple case of the flow about a thin element of one blade located
between the radii r and r + 5r and assume that the behaviour of the fluid is unaffec-
ted by either adj; 1 or the ining blades. A typical section geometry
might be as that shown in Fig. 7.15 which represents an inward (towards the hub)
view of the element. This element rotates with a tangential velocity £ and moves

Direction of
rotation

Stagnation
streamline

Fig. 7.15

Google AT S e CAiFaHRi



364 | Mechanics of Marine Vehicles

forward with a velocity of advance ¥, relative to the water well upstream from the
propeller. The resultant velocity of the water ahead of the propeller relative to the
blade element is therefore g and this vector is inclined at an angle f to the tangen-
tial direction. If the chord line of the element, of length ¢, makes an angle ¢ to the
tangential direction then the nominal incidence angle for that element is ¢ - 8
relative to the direction of Vg.

The shape of the element shown in Fig. 7.15 is evidently similar to a hydrofoil
section. In each case circulation about the section leads to the generation of incre-
mental lift and drag forces 8L and 8§D respectively, which may be resolved into a
thrust 6T and a tangential force §Q/r. The complete blade is therefore analogous to
the foil of hydrofoil craft or the wing of an aircraft. The generation of lift also
implies that the pressure at points on side 1 of the element is higher than that at
corresponding points on side 2. (When referred to the complete blade these sides
are usually called the *face’ and *back’ respectively.) Although we can say that the

h by which a propeller blade thrust is similar to that by which a
hydrofoil develops lift, some differences remain. Rotation of the propeller causes
particles of fluid within the blade passages to take on a spanwise (radial) motion.
Furthermore, significant interference may occur between the flows about adjacent
blades, especially near the hub. Fortunately, for many applications these factors
have only a minor influence on propeller performance under design conditions and
we shall pursue them no further,

In Chapter 6 it was shown that the flow about a foil of finite span could be
represented by the addition of a horseshoe vortex to the basic flow, and we may
follow a similar argument to model the flow round a propeller blade. For the sake
of simplicity, let us assume that the circulation about each circumferential element
of the blade is the same. We can then adopt the notion of a line vortex of constant
strength bound to the blade and extending from tip to root. However, we know
that as such a line vortex cannot terminate abruptly in the fluid each end must
continue as a free vortex. Consequently, a pair of free vortices must spring from
each blade of the propeller, one at the tip and the other at the root. According to
Kelvin’s theorem of constant circulation these must join the starting vortex. The
vortex emanating from the root of each blade will combine to form a single vortex
along an extension of the propeller axis, The total strength of this axial line vortex
equals the sum of the strengths of the individual root vortices and it rotates in the
same sense as the propeller. Each tip vortex is located approximately on the path
traced out by the rotating blade tip as it advances through the fluid and so the locus
is roughly helical. The sense of rotation of the tip vortices is opposite to that of the
propeller. Clearly, the bound vortex rotates with each blade and will have a sense
opposite to that of the starting vortex.

Figure 7.16 shows a typical system of vortices for a two-bladed propeller advanc-
ing through the fluid from right to left. Viewed in the direction ‘A’ the rotation of
the propeller is clockwise and so, therefore, is the rotation of the axial line vortex.
The rotation of the tip vortices is anticlockwise when viewed along the appropriate
helix in a direction towards the corresponding tip. The bound vortex rotates anti-
clockwise when viewed from the tip of the blade towards the root in a spanwise
(radial) direction. These vortex lines give rise to the slipstream and the motion in
the slipstream can be determined from the induced velocities of this system. The
sense of rotation of each line vortex shown in Fig. 7.16 is such that the fluid in the
slipstream experiences an increased axial velocity and an angular velocity in the
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Direction
of advance

Fig. 7.16

same sense as the rotation of the propeller. This is precisely the nature of the flow
downstream from the actuator disc that was postulated in Section 7.3.2,

In general, the circulation about a blade will not be constant; indeed, it may be
shown that constant circulation along the whole blade is physically impossible.
As a result of the variation of circulation along the blade trailing vortices will stem
not only from the blade root and tip but also from every point on the trailing edge
of the blades, as was suggested for finite hydrofoils in Chapter 6. Consequently, the
slipstream consists of helical vortex sheets and the fluid contained between them.

To develop the detailed mathematics of the various vortex theories of propellers
is beyond the scope of the present text, but some general discussion is given later.
The concepts certainly allow us to predict the flow about a blade element more
accurately than that shown in Fig. 7.15 so that a better estimation of the torque
and thrust of a screw propeller can be made.

742 Blade Element Theory

It was shown in Section 7.4.1 that a thin element of a propeller blade between any
radii r and r + &r could be considered to behave as a hydrofoil. Interference between
adjacent elements and between one blade and another were ignored and, further-
more, the velocity of the fluid relative to the blade was assumed to be the vector
sum of the components ¥4 and £ reversed. Experience has shown that these
interference effects can be neglected without incurring significant inaccuracies.
The forces on each blade element can then be summed to provide the performance
characteristics of the complete propeller,

The second assumption is clearly invalid owing to the influence of the induced
velocities generated by the vortex system described in Section 7.4.1. Thus, if we
refer to Fig. 7.17, it can be seen that the effective incidence angle of the blade
element a = ¢ — f; is less than the nominal incidence angle ay = ¢ — f. The velocity
of the fluid relative to the blade element is therefore taken as the vector sum of an
axial component V(1 +4) and a rotational component $2(1 —g") and drawn in
the reverse direction. In Fig. 7.17 the elements of lift and drag are perpendicular
and parallel to the resultant velocity vector Vg, whereas the elements of thrust and
torque are parallel and perpendicular to the direction of advance.

The pitch angle ¢ is related to the geometric pitch P by the expression

tan¢ = % L (7.42)
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(If a blade element is considered to be part of a screw then P is the distance moved
forward by the screw in one revolution and the locus of a point on the element is a
helix.) For most modern propellers the pitch varies alung 1he span of a blade
esper,u]iy near the root, and so for the sake of cor

pitch’ is taken at a radius equal to 0.7 times the tip radius.

The hydrodynamic forces on each blade element can be calculated assuming the
flow pattern to be the same as that about a two-dimensional hydrofoil of infinite
span and with the same section geometry set at an incidence angle a in a flow of
velocity Vr. Hydrofoil-section data may thus be used for each element to deduce
the lift and drag forces per unit span which can be resolved into thrust and tangential
forces per unit span. We may, therefore, derive the thrust and torque loadings on
each element in the form d7/dr and dQ/dr, as shown typically in Fig. 7.18, and
integration of these along the blade span provides the total thrust and torque,
respectively, of that blade. In practice, known satisfactory thrust and torque load-
ings are specified first and blade shapes are then determined to satisfy the required
propeller performance.

7.5 Propeller—Hull Interaction
Up to now the p ller has been considered in isolation and no account has been

taken of the interaction between the flows around a hull and those in the vicinity
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of the propulsor. Although the possible superiority of a propeller mounted in an
idealized, uniform wake over that situated in open water was demonstrated, other
interaction effects were ignored. In Chapter 5 we saw that the departure from a
vehicle at rest to one in motion is marked by a redistribution of local hydrodynamic
forces on the hull. For a viscous fluid the sum of the local forces in the streamwise
direction is no longer zero but equals the resistance Rt. To maintain a steady
forward motion the propeller, now considered part of the hull of the vehicle, must
alter the overall local force distribution so that the sum of the local forces is zero.
Three summations of the local streamwise forces may now be considered:

(i) For the vehicle without the propeller; this evaluates the ‘bare-hull’ resist: Ry.

(ii) For the vehicle with interaction effect of the propeller on the vehicle but
without including the propeller surface; this yields the resistance Rf.

(iii) For the propeller installed in, or on, the vehicle to deduce the thrust T

For steady motion T w:].| equu Rf- 'hut R% will not necessarily equal Rt because:
(i) in addition to T the vertical and side forces as well as
pitch, yaw and rolling momenl! s.nd w to maintain steady motion alteration of the
attitude of the hull and control surface settings may be required; and (ii) the flow
pattern around the hull, particularly near to the propeller (usually in the vicinity of
the stern), may be modified. These effects may be present separately or together.

As we have seen, the velocity of ﬂow into an actuator disc increases as the disc
is approached and so the p Cc quently, the p over the
stern of the vehicle is reduced and the resi is d pared with the
respective values for the bare hull, The difference between Rt and RT may therefore
be attributed to propeller—hull interaction. Since R{ is usually greater than Rt we
can adopt a so<alled ‘augment of resistance fraction’ given by

gy EL=Rr (743)
Rt
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For steady flow T'= R¥$, and so
T=R(l +agr). (7.44)

Alternatively, a more recent (although perhaps less logical) view is to regard this
increase of resistance as a reduction of propeller thrust. We can therefore definea
‘thrust deduction fraction’ in the form

t= % (745)
and so
Rr=T(1-1) (7.46)

where ¢ is invariably positive so that Ry < T.

The interaction between the flow about the hull and the flow through a ship’s
propeller was noted originally by Rankine [31]. It is clear that the design and
development of propellers should be an integral part of the vehicle design because
to treat each in isolation leads to poor predictions of performance. In practice this
is often very difficult and so, not surprisingly, a number of empirical interaction
coefficients are used to correlate both theoretical and model results with those
achieved from full-scale operation,

The actual flow in the wake behind a marine vehicle is both non-uniform and
unsteady and defies precise description. However, the main effects which contribute
to the development of the wake are:

(i) A viscous boundary layer which forms over the wetted surfaces of the hull,
shaft, shaft brackets, etc., and which reduces the kinetic energy of the fluid at
these locations. Consequently, the fluid approaching the propeller is retarded and
therefore has a substantial forward velocity relative to the surrounding stationary
water.

(ii) The displ of the st lines around the hull which gives rise to a
non-uniform distribution of axial, tangential and radial velocity components near
the stern. There is also a rise in static pressure near to the stern of the immersed
hull where the velocity of the fluid relative to the hull is reduced. Again, therefore,
particles in the stern region experience a forward velocity with the vehicle.

(iii) The air—water interface which distorts during the passage of surface vehicles
so that waves are generated by the hull. Orbital velocities of fluid particles below
the waves may have a forward component below a wave crest and a rearward com-
ponent below a trough. A trough is formed close to the stern so that then the
effect of surface waves on the overall wake is opposite to those of (i) and (ii).

The overall effect of these contributions to the wake is to yield a velocity of
advance ¥ (i.e. the velocity of flow at the propeller location but with the propeller
absent) which is somewhat less than the forward velocity ¥ of the vehicle. This led
Taylor [32] to advocate the use of a ‘wake fraction’ defined by

Kk
v

w (7.47)

or
Fa = V(1 —w). (7.48)
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R. E. Froude put forward an alternative and earlier definition of a wake fraction
which took the form wg = (V — Va)/Va. However, this version will not be used
hereafter owing to the wider adoption of the Taylor wake fraction.

The wake fraction is g lly positive but ionally exceptions occur for
high-speed ships of fine form, such as frigates. For these the effect of a wave trough
at the stern outweighs the effect of the narrow viscous wake. The need for large
thrusts then calls for propellers of large diameter so that some of the propeller disc
lies outside the viscous wake.

The wake velocity can be deduced from the axial, tangential and radial compon-
ents measured by, for example, a pitot rake in a position corresponding to the
propeller location. A typical measured distribution of w (axial velocities only) for
a single-screw ship is shown in Fig. 7.19(a). It is clear that the axial velocity of flow

Transverse sections of hull lettered
froma ll the stern forwarﬂ
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oL 1 1 1o
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Fig. 7.19 Typical variation of wake fraction for single-screw ship. (Adapted from [3].)
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onto a blade of the propeller varies with distance from the hub and with angular
position. Figure 7.19(b) shows the corresponding circumferential variation of w
and Fa /¥ at two radii 0.7R and 0.4R, where R is the radius of the propeller. Note
the intense wake, that is large w and small ¥ /¥, along the vertical centre line of
the propeller. It is in this centre plane that the maximum effect of the viscous wake
from the hull is felt and conditions there will thus depend on the ship Reynolds
number. In other words, the wake fraction depends on the forward speed of a given
ship. Based on model tests, for example, the characteristics of the wake of the
prototype may be assessed and the propeller designed to ensure optimum (i.e.
high-fficiency) operation of each blade element taken as a mean over the wake.
Even then, however, a fluctuating, resultant fluid force will be exerted on each
propeller blade and thus a fluctuating thrust and torque will be exerted on the hull.
Furthermore, as a result of the asymmetry of the wake fraction the fluctuating
forces on the blades will be out of phase with each other, so that a side force may
well be present. This effect will also be unsteady and may result in a nonzero average
couple on the vehicle which must be balanced by the continuous activation of a
control surface such as a rudder.

‘We have concentrated here on describing the variations of the axial velocity com-
ponent of the fluid approaching the stern propeller in terms of the wake fraction w.
In general, there will also be varistions of fluid velocity in both the radial and
tangential directions which contribute further to the non-uniformity and unsteadi-
ness of the flow. Moreover, unsteady loading of the propeller blades may result in
the intermittent occurrence of flow separation from, and cavitation on, the blade
surfaces which could lead to severe vibration of the propeller, the transmission
system and the adjacent hull structure. These matters are taken up later in Section
7.10.

7.6 Propulsive Efficiency

When the propeller operates in open water, that is away from the influence of the
hull, let Qo be the shaft torque required to deliver a thrust T at a rotational speed
n (revolutions per unit time) when the velocity of advance is V. The ‘open-water
efficiency’ for the propeller is thus defined as

_ToVa
o 2mQo”
When positioned behind the hull and with the same n and ¥, the given propeller
will require a torque Q to deliver a thrust T. (Note that T and Q are not independent

variables, whereas n and V) are.) Thus the efficiency of the propeller behind the
hull will be

(7.49)

_TVa

2mnQ’
The ratio of ‘behind-to-open’ efficiencies is called the ‘relative rotative efficiency’
given by

8 (7.50)

nr =np/m0 = Qo T/QTo. (7.51)

The power required to move the vehicle at a steady speed ¥ against a total
resistance Ry is RV, The power expended by the propeller in delivering a thrust T
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at a speed of advance Fy is TWa. Consequently, we can define a *hull efficiency’ as
_Re¥_1-t
™ T T

from Equations (7.46) and (7 .48).

Finally, the overall efficiency of the propeller, sometimes called the ‘quasi-
propulsive coefficient’ (QPC), can be defined as,

_Ri¥
™ 2mg

where 2mnQ is the power supplied to the propeller. Substitution from Equations
(7.49), (7.51) and (7.52) into Equation (7.53) leads to the expression

(7.52)

(7.53)

11
it =NoMuIR = (m) MNonR - (7.54)
We see, therefore, that the overall efficiency of a propeller is estimated from open-
water propeller tests, hull resi tests and hull—propeller tests.
Some typical values of the Taylor wake fraction, thrust deduction fraction, hull
efficiency, relative rotative efficiency and overall efficiency are given in Table 7.2.

7.7 Propeller Tests

A fullsize screw propeller can be large and costly but, of course, its behaviour is
vital to the performance of the vehicle. Consequently, the design and assessment of
a marine propeller when it is attached to the vehicle must be substantiated by
model tests. Two kinds of tests are generally needed to develop the necessary
techniques for predicting the prototype performance from that of the model. The
first establishes the ‘open-water' characteristics by running the submerged model,
mounted at the end of a long sleeve containing the shaft, in a water tunnel} or
suspended from the carriage of a towing tanktf. Measurements of torque and thrust
can then be obtained for different velocities of advance and rotational speeds of the
propeller. In the second series of experiments an even smaller model propeller is
installed on the model hull in its proper location. Such appendages as may affect
the propeller, for example stern tubes, shafting, brackets, etc., are also included.
The hull is then suspended from the carriage of a towing tank at the operating
draught and again torque and thrust are measured for a series of carriage and
propeller speeds.

7.7.1 Open-water Performance

Suppose that a given propeller, which may be one of a geometrically similar (homo-
logous) series, is deeply immersed in a uniform, homogeneous, steady, constant-
density flow approaching the propeller in a direction parallel to its axis of rotation.
The thrust developed T and the torgue absorbed Q may be considered to depend
on the following parameters: ¥y, the velocity of advance; D, the diameter, which
specifies the size of the propeller; n, the rotational speed of the propeller; p, the
density of the fluid; , the dynamic viscosity of the fluid; and 7 — py, the pressure

+ Some aspects of these facilities are discussed in Chapter 4.
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of the fluid relative tovapour pressure. Here, 7 is the upstream static pressure acting
at a point on an extension of the propeller centre line and py is the vapour pressure
of the water at that point. For the moment, we shall include in our analysis the
passlhle effects of cavitation, although a more detailed discussion of the phenomenon
is reserved until later. The diameter D is also assumed to mclude the effects of
roughness height, that is, the ratio of h height to d is idered
constant for the series ufprup:]l:rs (We know already that this is extremely difficult
to achieve and that the distribution and shape of the roughness are also important )
The application of dimensional analysis to the preceding parameters shows that,

K7 = function (, Re, on) (7.55)
and
K¢ = function (/, Rep, on), (7.56)
where
= T i
Kr= e thrust coefficient
Ko = ? 5, torque coefficient
on’D
J= Va advance coefficient (7.57)
nD’ :
pDVa

V,
Rep= I propeller Reynolds number

P-pry
vk’
Were we to include the possibility of the propeller operating in close proximity to
the free surface of the water the effects of distortion there would need to be taken
into account. Another variable, weight per unit mass g, must then be included in
the original list of parameters even though for a propeller g may be considered
constant. The result of dimensional analysis is an additional dimensionless group
Va /(D) which is the propeller Froude number Frp. Then, of course, K¢ and
Ko would also depend on Frp. Furthermore, under these operating conditions
‘draw-down’ of air from above the free surface is a real possibility and thus the
effect of surface tension, giving rise to the propeller Weber number, may become
significant. However, for our present purpose we shall not consider these latter two
effects.

The local flow past the blades of a propeller operating at the design condition is
invariably fully turbulent and so Rep has relatively little influence. Nevertheless,
when fluid velocities near the propeller surfaces are low, for example in model
testing, Rep may become significant. However, ¥ and therefore Rep are kept as
large as possible and n adjusted accordingly to give the necessary range of J. Thus,
for a non-cavitating propeller the principal independent parameter is J. Hence, in
the case of open-water tests, we can write

KTQ = function (Jp); Koo = function (Jg ). (7.58)

aN = nominal cavitation index.
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It can be seen from Fig. 7.17 that the advance coefficient is related to the advance
angle as follows,

Va Va D
tanf=-2="A oy 2 :
an f Qr  2nnr J( 21rr) (.49

For a given blade section at radius r and pitch angle ¢ large values of J give large
values of § and thus small angles of incidence, and vice versa.
Using Equation (7.49) we can write, for the open-water efficiency,

ToVa _Jok
=i0A TORTG 7.
2mnQo ZNKQO (7.60)

When V4 =0, so that Jo =0, then no =0 since no useful work is done by the
propeller. However, the incidence angle of the flow onto the blade is high and so
Krq and Kgq are both large (actually the largest values induced by the propeller).
As ?o increases the incidence angle decreases, as do both K7 and Kg,. The ratio
Kr, /KQ% decreases slowly and no thus reaches a maximum value,

rom Equation (7.42)
P P|(D
P o (5;) @61)

Together with Equation (7.59) this equation shows that ¢ = § when J = P/D, pro-
vided that the blade pitch P does not vary radially. The angle of incidence will
therefore be close to zero over the whole blade span under these conditions and so
blade stall (and additionally cavitation) with consequent high drag can be avoided.
In practice, P does vary radially and, furthermore, the blades are cambered. As a
result the thrust falls to zero at a value of Jg slightly higher than P/D. Typical
open-water performance curves of a non-cavitating screw propeller are shown in
Fig. 7.20.

The maximum diameter of the propeller is usually fixed by structural and clear-
ance limitations, but the rotational speed which gives the required thrust must then
be found. From the definitions of K7 and J given in Equation (7.57) it is clear
that both depend on n. However, by combining these two coefficients in the form

Design values
I

Tl

K1y
- =0

1 1
05 1.0 0
Advance coefficient, J,

Fig. 7.20 Typical propeller performance curves.
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Kr/J? we can eliminate n to give

e ()58 s (57 (D) - e

72 \pnip vi ] oViIDT \jpavi) \8) 8 ;
where Cp is the thrust-loading coefficient of an actuator disc of swept area A,
defined by Equation (7.21). As the value of Cr can be estimated for a given applica-
tion and hull—propeller combination the right-hand side of Equation (7.62) may be
considered to be some known constant factor A, say. We may therefore plot in
Fig. 7.20 the parabola

Kr =M1, (7.63)

and the intersection of this line with the curve of Kr, against Jo for the propeller
denotes the required operating point. Corresponding values of Jg (and thus ng),
Kgo and ng can be obtained. The principal aim of the designer is to achieve
operation at the highest value of o possible over a range of propeller loadings.

A great deal of data has been collected on the performance of several series of
propellers by numerous authors [e.g. 3, 33-37]. Composite plots of K7y, Koo
and no against Jo are drawn on charts onto which can be laid the Ky =AJ? curve
for a given design requirement. The propeller can then be chosen to optimize such
parameters as pitch ratio (P/D), the blade area ratio (abbreviated BAR), the number
of blades and so on.

7.1.2 Self-propulsion Tests

For each model self-propulsion test at a given ¥y and ny the dynamometer on the
towing tank carriage indicates values of (R} )y — Tw where RY is the augmented
total resistance defined in Section 7.3.4 and the subscript M refers to the model.
Low values of my give values of Ty < (R¥)m, whereas high values of ny result in
Twm > (R¥)m. When the reading on the dynamometer is zero Ty = (R¥)m, and this
is known as the ‘self-propulsion point’. Under these conditions the forward velocity
of the hull—propeller combination is sustained by the propeller alone. The value of
ny at the self-propulsion point depends on Vy for a given model. Readings are
taken of the corresponding values of torque Oy and thrust Ty to complete the test
data.

A typical performance curve for amodel self-propulsion test is shown in Fig. 7.21.
It might be supposed that the self-propulsion point A, corresponding to the
rotational speed ny , for which (R¥)m — Tw =0, is the ‘operating point’ of the
model propeller and thus of the scaled prototype propeller. However, for ship
propulsion Vy is determined from ¥p (the prototype velocity) on the basis of
identical Froude numbers and so the Reynolds number for the model hull is less
than that for the prototype. Consequently, the model resistance coefficient is
greater than the ship resistance coefficient. (We recall that dynamic similarity is
also impossible to achieve with a submarine even though the Froude number has
no significance for deep submersion. Here again Rey < Rep.) We may therefore
expect the model propeller to be overloaded compared with the prototype. Con-
sequently, Kz will be too large and the predicted efficiency of the propeller will be
too low.

The solution to this dilemma is far from clear and although methods have been
suggested none are fully satisfactory. Essentially, the operating point should not
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Froude identity (Fri b = (Fr_)p
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Fig. 7.21

beat A,in Fig. 7.21, but at another point corresponding to a lower rotational speed.
Mandel [38] and others have argued that a more realistic operating point B (in
Fig. 7.21) can be located, the ordinate of which is given by

(R — Tu = (ARTM = 40(Sw)uVii {(Celm — (Crlp - Ca}.  (7.64)

where (Sw )m is the wetted surface area of the model hull, (Cr )y and (Cr)p are the
skin-friction coefficients of the model and the prototype hulls respectively, and Ca
is the correlation allowance discussed previously. The operating speed of the
propeller is thus ny,. In practice, (ARt)m is calculated first and the ordinate
plotted as (R¥)m — Twm — (ART)m, and when this is zero the propeller operating
speed is mim,. Alternatively, the self-propulsion point A may still be adopted and
use made of the speed ny, with an appropriate thrust “allowance” made subsequently
to account for the scale eh’ects.

7.8 Estimation of Propeller Efficiency

The procedure required for an accurate estimate of ny is extremely complex and
for the sake of clarity only a relatively simple approach is given here. Our primary
purpose is to indicate the ways in which the various tests described previously can
be used and to note the various limitations of the procedure as applied to the power
requirements of ships. The power to propel a ship, that is the effective power, is
given by
(Pe)p = (Rr)eVe. (7.65)
The resistance (Rt)p, which includes appendage resistance, is obtained from model
tests and/or calculations as outlined in Chapter 5.
Essentially, we need to determine for the prototype ship the value of A in Equa-
tion (7.63) and then use this equation to obtain the most efficient propeller.
Experience has shown that provided the model hull is run at a steady speed the
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wake pattern approaching the propeller is only weakly dependent on the actual
detailed design of the propeller of given diameter. This is especially so at the
operating (or self-propulsion) point and it is indeed a most fortunate state of affairs.
Thus, in the self-propulsion and op ter experi the model propeller used
is one chosen from perhaps a set of existing propellers or one actually made to fill
a gap in a standard range. The sizes of the hull and propeller are in the same ratio
for both the model and the prototype so that the propeller disc is subjected to the
same proportion of the wake.
We may now proceed as follows:

1. A self-propulsion test is carried out with the model hull and appendages

installed but with a model propeller of di Dy bly similar to the
contemplated design, The forward speed is given by
¥ = Ve(Lyw/Lp)'2. (7.66)

At the adopted operating point the model propeller speed ny, torque Qy and
thrust Ty are measured. The magnitude of (K1)m, that is TM,’MMDE; , can thus
be calculated. For similar operating conditions (K7)m = (K1, )m, that is, the thrust
coefficient of the same model propeller in the open-water test.

2. The open-water test on the model is conducted at a high value of (¥ )y in
order to maintain a high propeller Reynolds number, the rotational speed being
adjusted accordingly to give a range of advance coefficients. At the (K7, deduced
in 1 we can read off from the open-water curves the corresponding values of (Jo )y
and (Kgq Ju -

3: 'gne appended resistance (Ry)y of the model hull without the propeller is
obtained from a towing test at the speed ¥y given by Equation (7.66).

From tests | and 3 we have measured Ty and (R )m, and so from Equation (7.45)
the model thrust deduction fraction is given by

Ry
m=1-{) - 767
¥ ( T )u {53
From test 2 we have (Jo ) at the operating point and from test 1 the corresponding
perating ny can be obtained. Hence, ing that Jyy = (Jo)m at the operating
point,
(Pa)m =(onDu . (7.68)
Equation (7.47) yields the model wake fraction
Va
=1-{=) . 7.69
Wn ( v )M (7.69)
Using Equation (7.52) we can therefore write for the hull efficiency of the model
1 -
(== (7.70)
1 —wy

The relative rotative efficiency for the model hull is given by Equation (7.51),
that is i
T D, < K
aw=(G0)e (B), G0 (55),
Qo Jm D Ju \Kg /m \K1p/ 4
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However, at the operating point (KTO)M =(K7)m, and for the same propeller
(Do =Dw . Hence

(2 B G
o == =|£ L2 — 7.1
(e (KQ M \Po/m \Q /M "o)m a7

where py need not necessarily equal (pg)wm -
When the prototype ship operates at its design speed Vp it is tacitly assumed
that

tp=t; wp=wii (mdp = (andms  (R)p = (aR)M. 7.72)
However, as the conditions for dynamic similarity cannot be fully satisfied the
equalities expressed in (7.72) are not necessarily valid. Nevertheless, we can proceed
with the selection of a propeller on this basis and subseq ly make adj ]
using trials data from previous ships to compensate for the present deficiencies.

The variables in expressions (7.72) are thus known for the prototype ship and
(R1)p can be obtained from model tests on a geometrically similar hull. Thus we
can deduce (Fy )p:

(Va)p = Vp(l —wp), (7.73)
and the prototype propulsor thrust Tp:
T =@ y (7.74)
=TIp

Combining the results of Equations (7.73) and (7.74) we can now write, from
Equation (7.62),

Kr =1T(CT)P=( Tp )(1)=
(,:)P 8 \laap(vie) \8) M 779

We now return to open-water tests for the final phase of the analysis. This time,
however, the open-water data are obtained for the prototype propeller in one of
the following ways. Based on the vortex and blade element theories described in
Section 7.4 and prescribed radial distributions of torque and thrust together with
cavitation data the shape of the propeller blade can be deduced. A model of this
propeller is then built and the open-water (K}o M., (Kbo)u and (J )m character-
istics obtained as outlined earlier. Here the prime on the coefficients denotes that
these values correspond 10 a model propeller which is geometrically similar (within
manufacturing limits) to the prototype ship propeller. Alternatively, published
open-water data for K7, of various series of propeller geometries can be used on
which the curve (Kr)p = (}\ﬂ)p from Equation (7.75) can be superimposed. If it is
assumed that the open-water and behind-the-hull flows are dynamically similar at
the same advance coefficient then (K7, )u = (K7)p and the intersection of the two
K curves indicates the operating point. We can now ascertain (Jo)m =Jp corres-
ponding to the operating conditions:

Gy wdacn ( },’g)p. (1.76)
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Hence, as (¥4 )p is known from Equation (7.73), n can be found for a given diam-
eter of the prototype propeller. The corresponding (na)p = (no)u and (Kggle =
(K:'?o)M are also obtained from the open-water curves. Consequently, the overall
efficiency of the prototype propeller can now be determined from

(1) = (monrnMde. (7.17)
The power delivered to the propeller by the shaft external to the ship is then
Pe RV
P = _) . (7) (1.78)
L ('11' P T Jp

Finally, the relative rotative efficiency (np)p can be used to determine the operating
torque for the prototype propeller since, for dynamic similarity,

e = (lLO’M-) (M)(ymp_) - (o) ((xa_o))

Dy Kok [\ (K Dp (Kole
as identical thrust coefficients are assumed at the operating point, Whence
— ton2p5y, (P2 ((K'oo)u)
- D S . 7.79
Qp =(pn"D")p ( De ) e (1.79)

The principal parameters for the prototype propeller have therefore been found.
The full-scale ship will be propelled at a forward speed Vp (related to Py by equat-
ing Froude numbers) by a propeller of diameter Dp rotating at a speed np (from
Equation (7.76)) which develops a thrust Tp (from Equation (7.74)) and absorbs a
torque Qp (from Equation(7.79)). It is clear, however, that the reliance on dynamic
similarity between the model hull—propeller combination and its full-scale counter-
part is hardly justified. Use must therefore be made of trials data and previous
experience of propeller design and performance. Nevertheless, despite the various
shortcomings of the analytical techniques the rated output from full-scale propellers
can be predicted with good accuracy.

A similar approach to that above may be adopted for ducted propellers [39].
However, the open-water tests now apply to the propeller—duct combination.
Model propulsor—hull interaction effects are obtained from towing and self-propul-
sion tests with the models, but the flow over the model duct and appendages is at
low Reynolds numbers. The results must therefore be interpreted with some care,
Since the effect of the ducted propeller on interaction phenomena is different from
that of the open propeller we could expect, for example, a change in correlation
allowance. As pointed out in [39] the performance of a ship fitted with a ducted
propeller depends critically on the afterbody—duct configuration. A number of
interesting examples of ducted propeller installations on large ships are described
in [40]. The appli of design p has been extended to include twin-
propeller systems as well asasingle, large, middle-line ducted propeller. The designers
of naval ships and submarines see the reduced noise and cavitation associated with
the ducted propeller as a valuable device for decreasing vulnerability to detection
by sonar or acoustic mines and torpedoes, Incidentally, ducted propellers are also
used on high-speed torpedoes for similar reasons, but the duct then decelerates the
water after entry.
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79 Cavitation

Reference has already been made to the phenomenon of cavitation as it affects the
flow about a hydrofoil (see Chapter 6). Furthermore, we have established in Section
7.4 that the flow past a propeller blade can be likened to that in the vicinity of a
hydrofoil. In both cases suction pressures are induced close to some parts of the
solid surface of the blade (or hydrofoil) which encourage the inception of cavitation.
Should the local pressure p fall below the local vapour pressure py at a particular
point in the flow then cavitation occurs. The vapour pressure of sea water is influ-
enced by many factors, not the least being water temperature and the size and
concentration of solid and gas particles in the bulk of the water which act as nuclei
for cavitation bubbles. As in the case of hydrofoils the results of cavitation erosion
can produce disastrous failure of propeller blades. The performance of a propeller
is seriously curtailed by the presence of sheet cavitation or the change in blade
profile arising from erosion of the metal surface.

A local pressure coefficient cp, applicable to any given blade section, can be
defined as

PPt

= : (7.80)
T

where the resultant velocity of the flow onto the section is Vg, the local static

pressure on the surface of the section is p, py is a reference static pressure in the

flow just upstream from the leading edge of the section and p is the density of the

liquid. A cavitation index @ can now be formed:

P—Pv

a= =gy +e (7.81)
g
where
Pr =Py 5
= 7.82
n -2t 0.82)

is the local cavitation index referred to upstream conditions. Cavitation occurs
when ¢<0, and we must therefore determine the minimum value of cp fora
propeller of a given geometry.}

The minimum value of ¢, on the surface of conventional, low-speed hydrofoil
sections is usually located within the first S0 per cent of the chord length measured
from the leading edge. For positive angles of incidence ¢, occurs on the back of
the blade, but on the face for negative angles of incidence. The flow accelerates to
a maximum velocity corresponding to a minimum pressure which is less than p, so
thatcy, .., is negative. Foragiven section the magnitude of ¢, depends primarily
ona anc] increases with @, At and near the operating design point of the propeller
it is likely that the induced velocities will be small. Thus, neglectinga and a’ we see
from Fig. 7.17 and Equation (7.59) that an increase in o= ay ) implies a decrease in
Va [, which is proportional to the advance coefficient J. If & remains unchanged
Cpmin Will not change with Vg provided that free-surface and Reynolds number
+ Whereas the nominal cavitation index oy, defined in Equation (7.57), can be used to indicate

an overall cavitation pattern of a series of geometrically similar propellers we must use o to
assess when and where cavitation commences on a particular blade.
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effects are negligible. However,pmin may then become so small that py is approached
and cavitation encouraged. Excessive fluid velocities must, therefore, always be
avoided.

Let us assume that the propeller disc is vertical and the horizontal axis of rotation
is at a depth k below the air—water interface. Furthermore, suppose that the flow
into the propeller is steady, horizontal and uniform. The pressure distribution in
the upstream flow can be considered hydrostatic and so for a blade element at
radius r from the hub the minimum value of p; occurs when the blade, of which
the element is part, is in the upper vertical position. Thus

@e)min = Pa +pglh ~ 1) (7.83)

where p, is the ambient pressure at the interface. When the propeller operates at
and near the design point we see from Fig. 7.17 that the resultant velocity of the
flow relative to the blade is given by
Vi =vi+Q¥ = Vi +an'n’s (7.84)
where a and a’ have been put equal to zero.
Substitution from Equations (7.83) and (7.84) for p; and Vg into Equation
(7.81) yields
e 59
bp(Vi +4n'n’r’)

For a given propeller the likelihood of cavitation increases as oy, decreases, which
implies (i) a decrease in p, and/or h; and, (ii) an increase in ¥ and/or a. Further-
more, for given values of Wy, n, py and h, the minimum value of oy, occurs when
r=R, the radius of the propeller, that is at the tip of the blade in the uppermost
position.

79.1 Development of Cavitation on Propeller Blades

Cavitation can be observed most readily from open-water tests in a water tunnel.
Variations in g, can be obtained by keeping the velocity of advance constant and
varying the speed of rotation. The ambient pressure of the water p, can also be
varied, but k is of course constant. Since Vy and D are constant then it follows
from Equation (7.57) that the advance coefficient Jo is inversely proportional to n.

At very low rotational speeds (high values of Jp) the propeller thrust may be so
low that over substantial portions of the span the angle of incidence may be negative.
Low pressures on the face of the blade may therefore lead to cavitation on that
surface near 10 the leading edge. Behind the suction peak the positive pressure
gradient is so high that collapse of the bubbles occurs after only a short distance.

With an increase in rotational speed face cavitation disappears and the next type
is generated close to the blade tips. As a result of developing thrust vortices are shed
in helical spirals from the tips of the blades. The pressure at the centre of these
trailing vortices is relatively low and becomes lower as the thrust increases, that is,
as Jp decreases. A spiral of tip vortex cavitation forms close to the blade tip and
extends downstream as shown in Fig. 7.22. The overall performance of the propeller
is not affected appreciably but iderable noise is g

As the rotational sp!eu increases further camanon begins to appear on the back
of the blade extending downstream from a region close to the leading edge. A silvery
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Fig. 7.22 Cavitating tip vortices in flow downstream from a propeller.

sheet is thus formed as suggested in Fig, 7.23(a). Tests must usually be carried out
on small propellers ina water tunnel so that the pattern of cavitation which develops
on a blade in the upper vertical position differs little from that on the blade in any
other position. This is not true in the case of the full-scale prototype. In reality
intermittent cavitation prevails and this induces longitudinal vibrations along the
shaft owing to fluctuations of thrust.

Increased blade loading (n increases, Jo decreases) leads to the sheet covering
additional outer areas of the blade. Discrete bubbles may also be produced at about
mid<hord and are swept downstream, These larger bubbles collapse on entry to
zones of higher pressure near the trailing edge of the blade. This collapse may occur
on the blade surface and cause severe impact loads. In addition, a great deal of
noise and vibration develops, which are indicative of overloading of the propeller
blades and which will result in a deterioration of performance. The continuing
spread of cavitation as.Jo decreases is shown in Figs. 7.23(b), (¢} and (d).

Eventually, the rotational speed becomes so high (and therefore Jo so low) that
the whole of the back surface of the blade is covered in a sheet of cavitation bubbles,
as shown in Figs. 7.23(e) and 7.24. This condition is called full cavitation (or super-
cavitation) in which the back surface of the blade is no longer in contact with the
water and thrust can only be generated from the region of positive ¢, on the face.
The trailing vortex from the hub section of each blade may also possess a cavitation
core under these conditions.

The general effects of cavitation on thrust, torque and efficiency are shown in
Fig. 7.25 (which corresponds to the pictorial re presentation of cavitation in Fig.7.23).
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la) J, = 0.85

le} J, = 0.70

(e} Jp = 0.4

Fig. 7.23 Typical progression of back cavitation on a propeller obtained from open-water tests.

The data [41] refer to open-water tests on a three-bladed propeller of 200 mm (=8 in)
diameter in a water tunnel under normal and depressurized conditions. Perhaps we
should recall that Fig. 7.25 shows the effects of cavitation on the overall perform-
ance of a given propeller and that details of cavitation inception cannot be obtained
from it for the purposes of design data. The use of on is therefore quite justified in
typifying cavitation régimes. It is worth noting that many different forms of cavita-
tion index (or number) exist and the appropriate form depends largely on conveni-
ence and the purpose to which the data are put. Often 7 — p, is referred to the
propeller centre line, but instead of ¥4 the velocity Fg is used and may be taken
as the value corresponding to the flow conditions approaching a blade section ata
position 70 per cent of the propeller radius from the hub, namely, at r = 0.7R.

We see in Fig. 7.25 that as cavitation develops on the back of each blade
(0.95 <Jg < 0.55) the thrust generated by the face increases but the contribution
from the back decreases. The net result is that both thrust and torque increase with
n (i.e. decreasing Jo) at a rate less than that for cavitation-free operation. In the
super-cavitating mode the thrust obtained from the back is negligible and so both
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Fig. 7.24 Fully sheet of back cavitation on a

thrust and torque increase at a somewhat greater rate. The reduction in maximum
efficiency for this propeller is small because cavitation has only just been initiated
at the corresponding speed. However, at Jo = 0.64 (when n = 20 revolutions per
second) cavitation is well advanced and the open-water efficiency of the propeller
drops from 0.61 to 0.49.

Accurate observation and interpretation of cavitation patterns on propeller
blades attached to models and full-scale ships require carefully developed techniques
and rather sophisticated equipment [42]. Stroboscopic pictures are useful, but
often difficulties are experienced owing to the unperiodic nature of the unsteady
wake flows and consequent confused cavitation pattern. Furthermore, equipment
must be mounted inboard at the stern above transparent windows so that a high-
speed camera can be focused on the back of the propeller blades. An intense light
source, also inboard, must illuminate both the face and back of the blades so that
pictures of face and back cavitation can be taken. For the observation of face
cavitation a periscope can be placed downstream from the propeller and pointing
upstream. Simultaneous film and video recordings provide permanent records for
subsequent analysis. The preceding techniques, described in detail in [42], have
been used for cavitation tests in the NSMB depressurized towing tank (see Table 4.1
for dimensional details). Although it is possible with this tank to scale the full-size
ship cavitation index accurately, this does not necessarily give a true indication of
cavitation inception phenomena. The formation of cavitation bubbles depends on
the nature, size, and distribution of particles in the water. By reducing the surface
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Fig. 7.25 Effectsof cavitation on propeller performance. ——, full pressure condition in tunnel;

——=, reduced pressure condition in tunnel.

pressure of water in a towing tank air in the water comes out of solution. The air
‘bubbles will then form the nuclei to precipitate cavitation. Clearly, the distribution
and concentration of the nuclei at model and full scale are unlikely to be the same.

A number of cavitation experiments have been performed at full scale and a
particularly interesting discussion is given in [43]. In contrast with model tests
there is usually sufficient space at full scale to allow external filming and lighting.
As a result, equipment can be moved from ship to ship without necessitating major
structural alterations. This was done for seven large ships, including oil tankers, an
ore carrier and an LPG (liquid petroleum gas) carrier, all of which were fitted with
ducted propellers. Experience with ships having ducted propellers indicated that the
main region of cavitation erosion was not on the blades but on the inner surface of
the duct. Generally, good agreement was found between model and fullscale
cavitation patterns, although the latter appeared to be of somewhat larger relative
area. Tip vortex cavitation was the probable cause of duct erosion and, presumably,
if the hydrodynamic loading at the tip could be reduced by redesigning the blades
(after the method of Glover [50, 52] for open propellers) damage to the duct might
be avoided. Apparently, no success along these lines was achieved and so examples
are given of patching techniques, using anti-erosive materials on the inner duct wall,
and of air injection into the main cavitation regions. It was found that only a modest
injection of air bubbles into the flow significantly reduced the impact loads from
the shock waves and microjets of collapsing vapour bubbles. This evidence was
deduced from a metallurgical survey of the eroded areas of the duct. It is thought
that the effectiveness of the method derives from the cushioning effect of air bubbles
and works in the same way as controlled ventilation on the foils of hydrofoil craft
(see Section 6.3.5).
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7.10 Propeller Design

A detailed description of propeller design, which necessarily requires an analysis of
hydrofoil section performance followed by an optimum stacking of the sections to
form the blade geometry, is outside the scope of this book. However, it was hinted
earlier that an examination of the behaviour of hydrofoil sections could be carried
out on the basis of blade element theory or by adopting one of a number of vortex
theories. With the devel of large<capacity digital p it has been the
vortex theories which have dominated present-day design analyses. It is possible to
account for non-uniformity of the flow approaching the propeller (i.e. the hull
wake in the presence of the propeller if this is known, or if not by an iteration
process), blade thickness and width in the axial direction, and variations in cross
section of the slipstream,

Two principal aims of propeller design are to calculate the pitch of each blade
section to suit the mean circumferential wake velocity and direction at each radius
and to derive the section shape compatible with minimum cavitation and other
energy losses. Although the use of blade element theory (Section 7.4.2) attempts to
do this it is unable to account for tip losses and the interference to the flow through
the propeller by the blades themselves (which induces streamline curvature and
velocity changes in the flow). A better description of the flow through a propeller
is obtained from vortex theory (Section 7.4.1) which allows for radial variation in
circulation and thus of the strength of the bound vortex (Sections 6.3.1 and 6.3.4)
along each blade. As implied by Fig. 7.16, the system of vortices may be assumed
to be concentrated along lines of corresponding vortex strength and so the associated
theory is usually referred to as ‘lifting-line theory’. Lifting-line theory was initially
developed for ship propellers which could be considered lightly or moderately
loaded (e g. [44—46]). This theory then takes account of the velocities induced at
the propeller by the vortex system, which represents the propeller and its slipstream,
the bound circulation at the propeller and the circulation and pitch of the free
vortex lines. No account is taken of the downstream variation of the induced
velocities since it is assumed that a typical free vortex line lies along the surface of a
cylinder of constant radius and is of constant axial pitch. In fact, the variation of
the induced velocities causes the radius of the helicoidal free vortex line to decrease
with increasing distance downstream whereas the pitch angle increases.

Each blade has, of course, a width in the flow direction, measured by the chord
length, and so the blade should be considered a surface defined by the product of
the chord length and the span. Furthermore, the streamline curvature resulting
from the vortex system requires the mean line of the blade section to possess a
camber (Section 6.3.2). Finally, for high efficiency and to minimize cavitation the
mean line is clothed with a surface of finite thickness to produce a hydrofoil
section. These additional factors are included in the lifting-surface theory as described
in, for example, [47—49].

The assumption of moderate loading has in the past been considered satisfactory
for ships at service speeds. In any case, it is thought that deficiencies in the lifting-
line theory are largely swamped following the application of lifting-surface correc-
tions. However, with present-day trends towards high-speed, large, single-screw
tankers and bulk carriers the effects of slipstream deformation cannot be ignored.
Thus, a method has been developed in [S0] to adapt lifting-line theory for designs
of highly loaded propellers. First, the lightly loaded analysis is worked out to give
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an initial approximation to the radial distribution of bound circulation and hydro-
dynamic pitch. The slipstream velocities and the deformation of the slipstream can
then be determined. In the final part of the method a second lifting-line design is
obtained for which the induced velocities are calculated as functions of the geometry
of the deformed slipstream. Designs worked out by this theory show that propeller
efficiencies are less than those deduced by the methods described in, for example,
[44] and [51], sometimes by 6 per cent in the former case and 3 per cent in the
latter. It is vital that energy conversion efficiencies are calculated as accurately as
possible, otherwise the power installed could be insufficient to reach the desired
service speed under the optimum operating conditions of the propulsion system.

Usually, propeller designs are based on established series using data from water
tunnel tests and various propeller theories. Although a number of series now exist
the most well known are probably those associated with the names of Troost, Gawn
and Burrill. The results are generally presented in the form of charts and some
examples are shown in [3]. The charts illustrate the relationship between open-
water efficiency, advance coefficient, pitch-to-diameter ratio, and the delivered
power of the propeller for propellers with different numbers of blades. A set of
charts is also required to show the effect of blade area ratio (BAR), that is, the ratio
of the total face area of the blades to the area of the propeller disc. For conventional
propellers an_empirical, overall blade pressure in the range 70—80 kPa (= 0.65—
0.75 tonf Ft"z) has often been adopted to avoid excessive cavitation effects. From
the required thrust the BAR can then be calculated.

It has been implied so far that the blades are fixed to the hub; indeed the propeller
and hub may be cast in bronze as one complete unit. However, there are some
applications for which controllable pitch (CP) propellers are of great advantage. In
these designs the blades can rotate about a radial pivot at the root which is activated
by hydraulic pistons connected to crossheads in the hub. Thus, by adjusting the
pitch angle of the blades, torque and thrust can be altered at a constant rotational
speed so that a high efficiency is maintained over a wide range of operating con-
ditions. The CP propeller can be made almost as efficient as the fixed pitch propeller
at a given design condition, the only difference arising from the somewhat larger
hub-to-tip diameter ratio needed to house the pitch-changing mechanism.

If the blade pitch can be changed sufficiently then astern thrust can be produced
without the necessity for reversing gear boxes (in the case of reciprocating engines,
such as the diesel) or astern turbines (for turbine-powered ships). Since changes in
blade angle can often be carried out quicker than changes in shaft speed it is possible
to obtain greater manoeuvrability, Typical examples of the use of CP propellers are
(i) tugs which are either towing or running free and (i) trawlers when trawling and
when on passage to or from fishing grounds,

In recent years considerable attention has been brought to bear on the problem
of hull vibration excited by strongly cavitating propellers. Attempts to alleviate the
problem rely either on reducing the problem at source, that is at the propeller
design stage, or applying some kind of palliative treatment to an existing hull—
propeller combination. Clearly, the first technique is preferable but presents many
difficulties as a result of the complex nature of the hull wake and the compromises
called for in the overall ship design. The high amplitudes of the pressure fluctuations
experienced by the hull arise from the unsteady nature of the cavitation, in particular
the appearance followed by disappearance of back sheet and tip vortex cavitation
over an angular range of 30° either side of top dead centre. This is a consequence of
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the wake distribution (see, for example, Fig. 7.19) and seriously curtails the propeller
performance at maximum efficiency when the loading is high.

A technique for the control of cavitation under these adverse flow conditions is
given in [52] where use is made of non-optimum, or arbitrary, spanwise load distri-
butions to control the pressure amplitudes. The method is based on an earlier theory
[50], but instead of using a minimum energy loss criterion for the optimum propeller
an arbitrary radial distribution of the bound vortex is specified. Coefficients describ-
ing the prescribed vortex must then satisfy the basic design conditions. The principal
damenaons of the ptope!ier for example diameter, bl.ade width and thickness, can
be deduced from combi of the Sections 7.7-7.9, lifting-line
and lifting-surface theories. The blade section umber and pitch angle can thus be
deduced, making various viscous ‘allowances’, to produce the optimum blade based
on the radial mean wake variation. However, it is now necessary to consider further
the cavitation behavi pecially near the propeller tip, by calculating the lift
coefficient and the oorrespondmg pressure distribution on blade sections as the
given blade rotates through the complete wake. To avoid problems with tip cavita-
tion the outer blade sections require reduced circulation compared with those at
smaller radii. Thus, the slope aI'/ar of the optimum circulation curve shown in
Fig. 7.26 (which may be likened to that of the finite-span aerofoil in Fig. 6.31)
must be reduced at the tip and examples are shown for | 3T'/ar | equal to unity and
zero. In order to maintain a total lift force on the blade consistent with the appro-
priate contribution to the total thrust it is clear that I' must be increased at the
middle sections, as indicated in Fig. 7.26. Experiments have confirmed that a
reduction of the tip circulation considerably delays the inception of tip cavitation
and the associated hull and shaft vibration. It would appear that only a small
penalty on efficiency and ship speed has to be paid.

An alternative solution of the cavitation excitation problem is described in [53].
Here the philosophy is to change the character of the ship wake so that the flow
into the propeller is more uniform. The optimum propeller design using a mean
wake is therefore a more realistic analytical tool since fluctuations of blade loading
become less severe. It is not possible to alter the shape of the hull at the stern fora
ship in service, and so to avoid fitting a new propeller the wake is modified by

1.0 T T T T T T
0.75p -
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0.25-
1 1 1 1 1 1 1
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Fig. 7.26
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adding small vanes, which act as flow deflectors, on each side of the hull close to
the stern. The size and location of these vanes can be assessed in relation to the
growth of the boundary layer. Although, as we have noted, the theory o viscous
flows near the sterns of ships is far from complete it is, nevertheless, possible to
predict the best position for the vanes at locations ahead of regions of low energy.
Thus, by deflecting the boundary-layer flow the energy in the wake can be distribu-
ted more evenly. A check on predicted improvements was carried out with a series
of model tests [53] which subsequently revealed a number of difficulties. Owing to
Froude number scaling (Rehy <(Re)p and so the boundary layer at the model
stern was excessively thick. As a result, any full-scale predictions from model vanes
fitted to model hulls which improved the model wake would most likely be of
excessive span and too far forward for success at full scale. In this technique of
vibration reduction it is therefore necessary to construct an empirical prediction
method based jointly on theory and model testing so that the correct size and loca-
tion of the vanes can be found.

7.11 Propulsion for High-speed Craft

If the conventional propeller is used for the propulsion of a high-speed vehicle it is
clear that severe cavitation will take place. However, it is possible to design a super-
cavitating propeller which, although noisy, avoids cavitation damage and is relatively
efficient. A supercavitating propeller system was incorporated in the design of the
hydrofoil research ship HMCS Bras d'Or [54].

The discussion in Chapter 6 on supercavitating hydrofoils applies generally to
the design of propeller blades. Curved, wedge-shaped hydrofoil sections based on
those proposed by Tulin [55] and Johnson [56] are often used. Supercavitating
propeller blade sections operate best when they are wedge-shaped with a sharp
leading edge and an abrupt cut-off at the trailing edge. The surface corresponding
to the back of the blade is then enveloped by a vapour cavity and collapse of this
cavity does not occur near the blade.

An alternative series of propellers for operation up to and including the fully
cavitating régime has been used to drive fast patrol boats [57]. The blade sections
were not wedge-shaped and it was found that blades with a concave face showed
superior performance in partially cavitating conditions. The use of this series and
the Gawn—Burrill series of propellers in the context of high-speed craft is discussed
in [58). It is pointed out that efficiency is not the only criterion by which to select
the dimensions of a fully cavitating propeller. When the Newton—Rader Series [57]
are used and the BAR is large, for strength reasons, it is vital that the fully cavitating
conditions are met at the design point. If the design speed is too low to yield
sufficiently low local cavitation numbers the propeller loading represented by Kr/J*
has to be increased above that corresponding to maximum efficiency. Unless this is
done partially cavitating conditions prevail which could lead to face cavitation on
propellers fitted to an inclined shaft. Propellers on fast craft normally operate in an
oblique flow owing to the inclination of the shaft to the forward direction of the
craft. Whereas blade forces fluctuate substantially under normal operation these
fluctuations are significantly reduced when fully cavitating operation prevails.

It has also be found experimentally [59, 60] that the value of @y, defined by
Equation (7.85), evaluated atr = 0.7R must be less than 0.045 to give the best results.
The practical zones of operation for screw propellers in terms of J and the cavitation
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indexes oy and oy, are shown in Fig. 7.27. Note that for a given hull geometry and
vehicle speed, with the shaft therefore at a fixed location, oy cannot be changed
because ¥ and p are set values. However, in Fig. 7.27 movement from one zone to
another can be selected by changing J as a result of an adjustment to the rotational
speed or, possibly, the diameter of the propeller. Provided that a propeller is designed
initially for the fully cavitating condition its efficiency is superior to that of a con-
ventional propeller which is cavitating.
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Fig. 7.27 Pm:nu:al zones of operation for propellers. Zone 1, fully cavitating propeller best

choice; zone 2, neither propeller is good choice; zone 3, conventional propeller best
choice; zone 4, all propellers inefficien

Controllable pitch propellers have also found use in high-speed marine vehicles,
both in terms of water propulsion and air propulsion, for amphibious ACV [61—
64]. There are two principal reasons why CP propellers are used. The first arises
from the resistance characteristics of high-speed vehicles which show two distinct
operating conditions of the propeller, namely, that at the design cruise speed and
that at an off-design condition corresponding to the low- or medium-speed hump in
the resistance, Although not always particularly noticeable for slender, round-form
displacement hulls the problem can be severe at the shallow-water resistance hump
of hovercraft. Furthermore, hydmfcnl craft may require the same thrust at a take-
off specd of, say, 10ms~" (220 knots) as at the cruising foil-borne speed of
25ms~" (=50 knots). Use of fully cawtat!.ng, fixed pitch propellers for the design
point will always result in overspeeding the prime mover at the hump speed, whereas
non-cavitating propellers may become incompatible with the available tnrque In
both cases CP propellers use the full power available at the
speed. The second reason for the popularity of CP propellers results from the need
to shut off one or several prime movers when, for example, low-speed patrols are
called for. Excessive resistance to motion by ‘windmilling’ propellers can be avoided
by feathering if CP propellers are installed. The additional rapid stopping and revers-
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ing feature of CP blades when put into negative pitch is as important here as it is for
conventional ships (see Section 7.10). Controllable pitch propellers, both conven-
tional and fully cavitating, were used on HMCS Bras d 'Or and are described in [54].
A similar dual system is advocated for the design study of a large hydrofoil ship of
24 MN (= 2400 tonf) displacement [65] but here, surprisingly, the identical
propeller form is to be used for both foil-borne and hull-borne operation.

A rather special problem applies to hovercraft where the same power plant
drives the lift fans and the air, or water, propeller. By using fixed gear ratios, lift-fan
control requires changes in the output speed of the prime maver. If the propulsion
power is to be varied simultaneously, but independently, then a CP propeller is
required. An interesting development along these lines has been applied to the
Vosper—Thomeycroft VT-2 (see Table 6.3 and [64]). Controllable pitch has been
combined with a ducted propeller to reduce noise and the craft is fitted with two
rotors each of about 4.1 m (13.5 f1) diameter as shown in Fig, 7.28.

A number of hydraulic-jet propulsion systems have been installed in high-speed
vehicles, for example the Boeing Jetfoil (see Fig. 7.29), the Aerojet/Rohr SES 100A
(see Table 6.3) and the American Enterprise (see [66]). It is suggested in [66] that
a well designed jet system will be as efficient as the equivalent water-propeller system
for planing craft up to 20 m (= 67 ft) long. Excellent manocuvrability is obtained
by using directional nozzles to provide a vectored thrust, even without forward
motion. This technique has been included in the design study of a large surface-
effect ship [67].

A fundamental principle of all high-speed vehicles is the minimization of resist-
ance by raising as much of the craft out of the water as possible, This means that

Fig. 7.28 Vosper—Thorneycroft VT-2 hovercraft showing ducted propellers.
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Fig. 7.29 Boeing Jetfoil

propellers run close to the air—water interface and may even broach the surface.
Nevertheless, provided that the rotational speed is high the propellér remains fully
wetted on the face (pressure side) of the blades with the back of the blades becom-
ing dry. The additional conditions of high propeller loading and low cavitation
number make the operation of this type of partially submerged propeller similar to
the fully cavitating condition, Further details of partially submerged propellers may
be found in [68].

It is clear, then, that a wide range of possible propulsors is available for high-
speed vehicles. The choice largely depends on the duties required of the vehicle.
Very careful assessment of fuel consumption is vital owing to the importance of
cost, weight and space restrictions. Ease of maintenance and reliability must also
be taken into account for both commercial and naval applications. Until more
operational experience is gained these matters cannot easily be assessed with accur-
acy.
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8
Control in Steady Planar Motion

8.1 Introduction

Any vehicle that is moving in or on a fluid must be capable of being controlled so
that (i) a desired path can be maintained and (ii) the path may be changed in a con-
trolled manner. It is normal to use the same device for both maintaining and chang-
ing the path and this device usually takes the form of one or more ‘control surfaces’.
These control surfaces are widely used because they are simple, cheap and reliable,
and the main types are shown in Table 8.1,

In all its generality the theory of control-surface operation is very complicated.
In this introductory chapter we shall therefore discuss only a simplified form of it
in which:

(i) All motions are assumed either to occur parallel to a fixed plane, horizontally
or vertically, or to involve roll alone;

(ii) Transient effects are ignored so that only sreedy manoeuvres are contem-
plated;

(iii) The actual flow conditions round the control surfaces and vehicles are not
examined in any detail.

In practice adjustment of a rudder setting, for instance, causes a vehicle to drift,
yaw and roll. The first two of these motions allow the helmsman to change direction.

Roll motion is strictly an angular velocity about a fore-and-aft axis and may
occur in the steady motion of vehicles such as aircraft, missiles and rockets. The
only comparable steady effect with marine vehicles entails a constant angular heel
about a fore-and-aft axis. We shall not discuss the case in any detail although a
simple theory (for constant angle of heel in terms of a constant stabilizer fin

Table 8.1  Common types of control surfaces.

Motions chiefly affected when setting adjusted
Control
surface Aircraft Airship Ship Submarine

Aileron roll - - -

Elevator heave and pitch - =
Hydroplane - - - heave and pitch
Rudder drift and yaw

Stabilizer - = roll -
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deflection) is straightforward to formulate. (If on the basis of the theory a subse-
quent calculation is made of roll, it must be remembered that the calculation is not
strictly compatible with the initial assumptions.) Dynamics problems in which
allowance is made for three-dimensional motions are studied in Chapter 10 and as
we shall see the theory is then rather more sophisticated.

Problems concerned with transient motion are also discussed in Chapter 10 and
so only steady motion, in which fluid forces are not dependent on time, will be
discussed here. Inertia forces do occur of course, but we shall assume that, if they
are applied to a body, they are constant,

It is difficult to analyse the flow round any fluid-borne vehicle with any precision
and practically impossible for a conventional control surface, particularly where
marine vehicles are concerned. This statement may be reinforced, in the case of
marine vehicles, by considering the following three sources of difficulty:

(i) the control surfaces of marine vehicles have low aspect ratios so that the
effects of three-dimensional flow are marked;

(ii) usually one tip moves near a relatively large hull; and

(iii) flow round a control surface is usually greatly influenced by flow into or
out of a propeller.

Obviously something more ‘practical’ is needed than, for example, the rather refined
theory of oblique inviscid flow round a symmetric body. Consequently, the present
treatment consists of a linear theory of the motions specified by the above limita-
tions.

8.2 Steady Two-dimensional Parasitic Motion of a Symmetric Body

Consider a rigid body which possesses a plane of symmetry and which moves in
such a way that its plane of symmetry remains always in the same fixed plane. The
body then executes what may be thought of as a *steady reference motion’ when
proceeding in this ‘intended attitude’ at a fixed speed Fye¢, as shown in Fig. 8.1.
‘Our purpose now is to examine the execution, in a controlled manner, of departures
from this reference motion — departures that can conveniently be referred to as
‘parasitic motions”.

There are two distinct ways in which the body may depart from the reference
motion. The parasitic motion may be one of translation, or one of rotation. (A
combination of the two is also possible, as we shall see.) Assuming that all points of
the body move only parallel to a fixed plane the motions are of the types shown in
Figs. 8.2(a) and (b) where, in each case, the second diagram indicates the combined
motion due to the reference motion and the parasitic motion shown in the first.
The reference point C lies on the plane of symmetry, and for the parasitic motion

Vier

Fig. 8.1
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Fig. 8.2

of translation the resultant velocity ¥ of the body is the vector sum of the reference
velocity Vper and the parasitic transverse velocity of translation v. The resultant
velocity vector is thus at an angle § to the reference direction and Fig. 8.2(a) shows
the chosen direction for positive 8. Figure 8.2(b) shows the chosen positive direction
for rotation about C, represented by angular velocity §2, imposed on the reference
velocity. The path followed by the body is circular (for constant Fy.¢ and £2) with
centre at A and a radius given by V,.¢/2. The parasitic motions have different
names according to whether the motion occurs in the vertical or the horizontal
plane, as shown in Table 8.2.

Table 8.2 Definitions of parasitic motions.

Parasitic motion

Plane of motion Translation Ratation
{Fig. 8.2(a)) (Fig. 8.2(b))
Horizontal drift yaw
{or ‘sway")
Vertical heave pitch
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Although these motions may exist separately we need also to consider combina-
tions of them. There are two possibilities for steady combined motion and these
are illustrated in Fig. 8.3. A parasitic transverse velocity to starboard is shown in
Fig. 8.3(a) and Fig. 8.3(b) depicts a parasitic transverse velocity to port.

The problem before us is the control of marine vehicles as they execute steady
plane motions of the types shown in Figs. 8.2 and 8.3. No motion is contemplated
perpendicular to the plane of the diagrams. It follows, therefore, that the body
must experience no net applied force out of the plane of motion and no net applied
couple about an axis in that plane. The distribution of the fluid forces must there-
fore conform to these requirements.

(al

Fig. 8.3



400 | Mechanics of Marine Vehicles
8.2.1 Parasitic Motion of Translation

Suppose that the body executes a parasitic motion of translation alone, either in
heave or drift. In discussing the fluid forces exerted on it we shall purposely obscure
the distinction between two- and three-dimensional régimes. It will be helpful to
consider the body as being infinitely long perpendicular to the plane of the diagram
in Fig. 8.4. The point C represents the centre of mass of a transverse slice of the
body and rectangular coordinates Cx, Cy are centred on C as shown. We now con-
sider motion only parallel to the plane Cxy; let this motion be one of translation ¥
so that J is an angle of incidence and is positive in Fig. 8.4.

Fig. 8.4

Now instead of considering flow round the body in any detail a number of far-
reaching, and admittedly gross, simplifying assumptions are made. First, however,
it may be noted that the fluid force per unit span F’ (the span being measured along
the Cz axis perpendicular to the plane Cxy) can be resolved into lift and drag com-
ponents, respectively perpendicular and parallel to the direction of ¥, Alternatively,
F' may be resolved in the directions Cx, Cy to obtain fluid forces per unit span X"
and Y. In either case the component of fluid force exerted on the body is always
in the opposite direction to the corresponding component of the velocity. This
means that X" acts along —Cx for the configuration shown in Fig. 8.4 and Y acts
parallel to Cy. We now assume that;

(i) These forces X' and ¥' (both per unit span) act on the axis Cx at an identifi-
able point H called the *hydrodynamic centre’, (This is the usage we shall adopt; it
is not unique.)

(ii) The first assumption remains true even though the body is not of infinite
length in the Cz direction. Indeed, most marine vehicles have quite a small aspect
ratio (i.e. small span) and some have a large degree of taper and no plane of sym-
metry parallel to Cxy.

In other words, F', X" and Y are taken as forces £, X and ¥ (and not forces per
unit span) and C is taken as the centre of mass of a finite body. The fluid forces
applied to this body are therefore as shown in Fig. 8.5 in which X is positive rear-
wards and Y is positive to starboard. We shall now consider that this system is
identified with a control surface, the immersed portion of a ship’s hull and the hull
of a submarine. It must, of course, be admitted that the accuracy of the resulting
predictions for all but the smallest departures from the reference motion would be
unacceptable in practice. Nevertheless, it is possible to examine the nature of some
important features without recourse to complicated analysis.

Unless the centre of mass C happens to lie on the line of action of F — and in

Google IVEREITS O CALIFGRRA



Control in Steady Planar Motion | 401

An

Fig. 8.5

general it does not — the fluid force will have a moment M¢ = Yxy about C. Note
that the magnitude and sense of Mc depends not only on the magnitude and line
of action of F, but also on the position of C relative to H. For most bodies (in which
C is more or less amidships) H is forward of C.

The value of dimensional analysis, applied to the physical variables affecting the
motion of a body in a fluid, has been discussed in earlier chapters. The same prin-
ciples may be used here in order to assemble a collection of dimensionless groups
and thence describe the problem in the form of a functional relationship between
the groups. Thus, the fluid forces X and ¥ and moment Mc may be expressed as

X

Cx =W=¢|(Rt, Fr, Ma, B, shape) (8.1)
Y

Cy= by = ¢y (Re, Fr, Ma, B, shape) 8.2)
M

Cnc = ﬁs = p3(Re, Fr, Ma, §, shape) (83)

where ¢ again means ‘some function of” and all of the preceding functions are differ-
ent, The definitions of Reynolds number (Re), Froude number (¥r) and Mach
number (Ma) are given in Chapter 4. The length [ represents a characteristic length
of the body (e.g. its overall length in the plane Cxy) and p represents the density of
the fluid. Clearly, the force and moment coefficients are functions of the angle §
and also of parameters representing the shape of bodies of different homologous
series. It is not uncommon to see 2 replaced by the projected area A of the body in
either the Cxy plane or the Cxz plane, or alternatively / replaced by V'3, where ¥
is the immersed volume.

In addition to the above dimensionless groups, others may be required for a study
of control problems. For example, if the ‘body’ is a marine rudder aeration may
occur so that air is drawn down from the water surface to form a tip bubble,
depending largely on how close the root is to the water surface. If this happens it
may be necessary to introduce the Weber number

V'R
We %

where R represents, for example, the radius of the leading edge of the rudder and
K represents the coefficient of kinematic capillarity (i.e. surface tension/p).
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Again it may be necessary to consider a ‘cavitation number’ o if the body is,
say, a hydroplane on the surface of which cavitation takes place. Nevertheless, we
shall ignore these latter possibilities along with Mgz since speeds are low enough to
ignore the effects of compressibility. Thus, for a given body and a given fluid, the
only dimensionless independent variables we need are Re, Fr and .

Suppose an experiment is conducted on a given body in which Re and Fr are
held constant as § is varied. (This does not mean that § will be a function of time,
but rather that we examine a series of steady states.) According to Taylor’s theorem
we should expect that, for Cy as an example,

-g(2¢x ﬂ_’(a’Cv)
C‘y—ﬂ(aﬁ )ﬁ=0+2! T ,a=o+m' (8.4)

there being no constant term because the body is symmetric. Since the sign of Cy
must change when that of § changes, and since the body is symmetric about Cx,
partial derivatives of even order will be zero. Thus, to a first approximation for
small B, we should expect that

Cy=8 (ac" )ﬂ 5)

3
where (3Cy [8f)g =g is a function of Re and Fr.
By a similar argument we may conclude that, for small 8,
ACuc
Cme =8 ( . 8.6
e 3B Js=0 &

The coefficient Cy is rather different because it is not equal to zero when § = 0 and
it is also an even function of §. The predicted proportionality of Cy and Cp to
can be examined by experiment, and it is found that the accuracy of the approxi-
matien is often quite acceptable,

As we have already noted

Mc = Yxy, 8.7

where positive Mc is taken as acting clockwise in Fig. 8.5. In dimensionless form
we may write

Cume = Cyxy (8.8)
where
1+ _%H
SRS (89)

It is important to note that while the value of xy is constant for a given steady
motion, it is not the same for all operating conditions.
8.2.2 Parasitic Morion of Rorarion

Let us return to the body of infinite span perpendicular to the plane Cxy but this
time suppose the body has an angular velocity £ superimposed on the reference
velocity VFrer, as shown in Fig. 8.2(b). The fluid force per unit span F'can be
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resolved into components X' and Y" parallel to Cx, Cy respectively. Again X" acts
along —Cx. We now make similar assumptions to those in the previous section, that
is,

(i) The forces X' and Y’ (both referred to unit span) act at an identifiable
hydrodynamic centre J on the axis Cx.

(ii) This remains true for a body of finite span so that C is taken as the centre of
mass of the body and X' and ¥ are replaced by X and Y forces,

The fluid forces and positive £ are therefore as shown in Fig. 8.6.

Vv
x

(=B

r=x /

Fig. 8.6

A somewhat rudimentary line of reasoning suggests that the fluid exerts (i) a
large net couple acting in such a direction as to oppose the yaw (i.e, counterclock-
wise in Fig. 8.6) and also (ii) a small side force ¥ of uncertain sign whose line of
action may intersect Cx on either side of C.

If these two actions are combined to give the statically equivalent system of
Fig. 8.6, it is easy to show that

(i) x; is of uncertain sign and may be extraordinarily large, and
(ii) the net fluid moment

Mc = Yxy (8.10)
will act in the opposite direction to £ and so be negative.
1f required, X, ¥ and Mc may again be put in dimensionless form as before and [
used as a characteristic length. Consequently, it is assumed that, in particular

Cy= = ¢a(Re, Fr, Ma, Q', shape), 8.11)

Y
1P
where ¢4 represents another unknown function. In Equation (8.11) the dimension-
less form of the angular velocity is given by

a-2 8.12
o (8.12)

For marine applications the effects of Mz are negligible and so the relevant inde-
pendent variables for a given body are Re, Fr and §'. Following the preceding

development we again imagine a series of experiments to be performed, all at the
same Re and Fr, so that for small angular velocities

.| 3Cy
= 8.13
Cr=0 (39'):.1‘:0' (8.13)
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A similar result holds for Cyy,, . Furthermore,
Cume = Cyx} (8.14)
where
*
ik
Again, x} is only constant for given values of ¥ and £2.
8.2.3 Combined Ti and Rorati

Figure 8.3 shows that there are two admissible forms of steady combined motion in
which both parasitic motions are performed simultaneously. In theory we could at
least proceed as before and define a ‘hydrodynamic centre’ for the combined motion,
If this were done an appropriate sign convention for the components of the resultant
fluid force F would need to be defined. We should also have to accept the complica-
tion that may be seen in Fig. 8.3, namely, that the angle of incidence and the velocity
vary from point to point along Cx.

Instead of proceeding along these lines we shall now make a fresh assumption:
henceforth we shall consider only ‘small’ parasitic motions.

Suppose the composite motion is as shown in Fig. 8.7. The velocity ¥ and angle
of incidence § are arbitrarily defined as those prevailing at C. There will once more
be a resultant fluid force F which can be resolved into components X and Y. These
components may be made dimensionless as before so that we may expect the
following functional relationship to hold:

%= ®.15)

Cy = ps(Re, Fr, . Q). (8.16)
Thus, to a first approximation for small parasitic motions, Taylor’s theorem shows
that
aCy . [3Cy
C =_a(——) +8 (—) ; (8.17)
¥ o8 /p=o0=q an' p=0=0"'

Fig. 8.7
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Similarly

acMc) . (acuc)
o = +0 . 8.18
e ﬂ( B Jpmo-a 3 Jpe0ear @.18)

In other words, both Cy and Cp. have the values obtained from superimposing the
translation and the rotation separately on the reference motion. The dimensionless
force Cx, on the other hand, is given approximately by

i (a’cx) Q7 a’Cx)
Cy = = + = 8.19
X2C N ymome 2 \207 pegen (3%

where Cr is the coefficient of total resistance in the absence of parasitic motion.
We may recall that the force X and the total resistance for the reference motion
Rt are both in the opposite direction to Frer and are therefore directed along —Cx.

Equations (8.17) and (8.18) suggest that the body shown in Fig. 8.7 can best be
thought of as having the fluid forces indicated in Fig. 8.8 acting on it. Subscripts H
and J are used to distinguish the two transverse forces. That is, Yy would act at H
if there were no angular velocity 2, and ¥y would act at J if there were no angle of
incidence . The total force X merely acts along —Cx and there is no point in separ-
ating it into identifiable components in the same way.

Fig. 8.8

The fluid forces X, ¥ and the moment Mc are of major importance in the prob-
lems to be investigated. It is therefore natural to ask whether or not they can be
calculated. Briefly and roughly they are far easier to estimate for a parasitic transla-
tion than fora rotation. A great deal of relevant data from the field of aerodynamics
are available for the steady flow of a constant-density fluid past a symmetric body
when there is a constant angle of incidence.

Data are rather more scarce for the effects of the parasitic angular velocity (2.
This is not because the problem is of less importance in aeronautics, but rather it is
far more difficult to solve. The reason is that yawing cannot be studied as a problem
of steady flow, but some ground can be gained by developing the techniques sug-
gested in Chapter 5.

In the discussion of the dynamics of marine vehicles in Chapter 10 we shall
examine ways of measuring the various components of fluid force. It transpires
that all of those mentioned so far can be measured fairly readily by means of
models.
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8.3 Steady Motion of Control Surfaces

We have referred so far to a body rather than to a control surface or a hull. From
now on it will be necessary to distinguish between the motion of a control surface
and that of the vehicle to which it is attached. The convention shown in Table 8.3
will therefore be adopted.

Table 8.3 Convention for symbols.

Symbol used for:

Discussion Control Vehicle
Quantity in Section 8.2 surface of hull
Velocity of C v v v
Angle of incidence 8 a [

Suppose that the ‘body’ referred to in the previous section now has a symmetric
hydrofoil section. For our present purp it is d to be well sep d from
the hull (or fuselage) to which it is attached so that the flow onto it is ‘clear’. The
body has our postulated symmetry and can be thought of as moving always in a
plane (and never parallel to its own axis of rotation). Within our assumptions it is
thus possible to describe the motion of a control surface such as that shown in
Fig. 8.9(a) in terms of that shown in Fig. 8.9(b). That is, the body will now be
identified with a control surface.

The control surface represented in Fig. 8.9(a) may be taken to be typical of spade
rudders (used extensively on naval ships), hydroplanes on submarines and stabilizers.
More details on these devices are given later, but here we need only note that for
the trapezoidal planform shown by is the span corresponding to the section contain-
ing the hydrodynamic centre H. The overall size of a conventional control surface is
usually far smaller than the vehicle to which it is attached and, furthermore, the
linear dimensions are a good deal less than the radius of its turning circle during
rotation. This implies that U and a scarcely vary along the fore-and-aft axis of sym-
metry (the chord length) at any spanwise location on the control surface. Conse-
quently, the effects of rotation on the behaviour of the control surface are negligible
and so only translation needs to be examined,

If the angular velocity £2 can be neglected in steady motion, it is permissible to
neglect inertia forces also since the body translates only with constant speed. With
negligible inertia forces the centre of mass C is no longer of concern, and only the
hydrodynamic centre and the axis of the stock OO are therefore shown in
Figs. 8.9(a) and (b). The position of H is determined by (i) the angle of incidence e,
(ii) the velocity U, and (iii) the geometry of the control surface, all of which are
constant (or are assumed so) for steady flow. Thus for operation in clear flow the
geometry of the motion will be as shown in Fig. 8.10. The angle of incidence & and
the angle of deflection £ depicted in Fig. 8.10 are considered positive. The forward
velocity U of the control surface relative to the fluid has neither the magnitude nor
the direction of the velocity ¥ of the vehicle. This is because (i) the presence of the
vehicle in the fluid may significantly change the streamline pattern about the control
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Fig. 8.9

surface from that experienced by the control surface with the vehicle absent and
(ii) the point O on the control surface lies at a greater distance from A than does C.

8.3.1 Forces and Moment Applied to the Hull

The fluid forces X and Y act at H. (The subscripts H and J are dropped for the con-
trol surface as there is no significant force associated with J.) The resultant fluid
force F may be resolved into any pair of convenient directions (not only those of X
and Y, along and perpendicular to the NN axis respectively, as shown in Fig. 8.11).
Now a designer will be concerned principally with the directions along and across
Cx, the axis of symmetry of the parent vehicle, for it is to obtain the force compon-
ent perpendicular to Cx that the control surface is installed. Let us therefore
resolve F accordingly, as in Fig. 8.12, and thereby obtain

P=Xcost+Ysint (8.20)
@=-Xsinfk+Ycosk (8.21)

where the deflection of the control surface, £, is positive. Clearly, when £ is negative
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Fig. 8.12

we must replace Y in Equations (8.20) and (8.21) by =Y. It follows that P always
acts in the —Cx direction, but the sign of  is opposite to that of £. The system of
fluid forces acting on the control surface can be represented as shown in Fig. 8.13,
where ‘flow straightening’ is neglected.

A positive clockwise moment Mg is applied by the fluid to the control surface
about the axis 00 and will be given by (see Fig, 8.11)

Mo =Y-0H (8.22)

if H is abaft O. This moment is counteracted by a torque in the stock whose magni-
tude is equal to Mg but in the opposite direction. Thus

Go=Y-HO=-Mg (8.23)

as shown in Fig, 8.13. The signs of Mg and G are reversed, of course, when a is
negative.

The control surface has to be dragged through the fluid by the vehicle, which
must overcome the force P (i.e. a resistance) to do so. We would normally wish the
magnitude of P to be a minimum, which suggests that the magnitudes of & and y
must be kept small for control purposes. The force Q is applied ¢ y the stock and
its reaction on the parent vehicle provides the reason why the control surface is
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installed. As far as possible, therefore, we wish to maximize the magnitude of Q for
given values of eand . The torque Go must be applied to the control surface by its
operating gear.
If the magnitude of the deflection angle  is always small, then to a first approxi-
mation
P=X (8.24)
Q=Y. (8.25)

It follows that a designer would prefer to have a fairly large value for the magnitude

of
(BCy)
3 om0
Unfortunately, a large value of this parameter usually implies that a hydrofoil
section will stall (see Section 6.3.3) at a small angle of incidence. Furthermore,
problems of control become severe since one would then be concemed with very
small changes in a accompanied by large forces and torques.

The question of how large the operating shaft of a control surface should be is a
vitally important one, In general, it must sustain the operating torque, bending, and
direct loading, and it must be stressed accordingly. The stress calculations are often
based on drastic simplifications. In particular it is usual to regard the loading as
being essentially static, and thus the theory of Chapter 3 can be used where appro-
priate. While it is not our purpose to discuss this subject here it will be of use to
introduce it briefly by reference to ‘spade’-type control surfaces, that is surfaces
supported solely by their stocks, such as the example shown in Fig. 8.9. The
bending moment in the stock at the root of the control surface might be taken as

X2 +¥H) 2 xby.

in view of the equivalent force system shown in Fig. 8.11. Note that the position of
H depends inter alia on the angle of incidence.

8.3.2 Lifrand Drog Forces

It has been explained that, to all intents and purposes, control surfaces perform
only a significant parasitic motion in translation, Without rotation and the uncer-
tainty of locating the side force, there is no ambiguity in the definition of . When
this is the case it is common to refer to lift and drag components rather than to X
and Y (or Xy, ¥ ). Since the literature is largely based on this alternative approach
it is worthwhile illustrating it here,

The theoretical approach and the assumptions made for the fluid forces remain
as before, so that, in particular, we may still refer to a ‘hydrodynamic centre’ H.
The fluid force F is resolved in the directions along (the drag force, D) and perpen-
dicular to (the lift force, L) the velocity U, as shown in Fig. 8.14. (The directions
of L and D shown in Fig. 8.14 are by convention positive.) The dimensionless force
coefficients are then

L D
Cp= gp_U!T" " Cp= W (8.26)

and the fluid moment about the centre of mass C is exactly as before (except that
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Fig. 8.14

both L and D contribute to M instead of just ¥). Moreover, for small a,

CL=a (?—Cl) (827
o Ja=0

where the slope of the lift curve at a=0 depends principally on Re and Fr for
most marine vehicles.

The relationship that exists between X and Y on the one hand and L and D on
the other is easily shown to be

X=—Lsina+Dcosa (8.28)
Y=-Lcosa— Dsina. (8.29)

Both X and ¥ are negative quantities for the system shown in Fig. 8.14. If the angle
of incidence is small, then to a first-order approximation

X=D (8.30)
Y= (8.31)
Mc = —¥xy = Lxy, (8.32)

which is an anticlockwise moment.

Most of the data available for control surfaces are presented in terms of lift and
drag forces [1], but note that this approach is not so helpful for bodies which can
possess significant angular velocity (such as hulls).

Care has been taken always to relate fluid forces and moments to «, the angle of
incidence, and not to §, the angle of deflection. If the ‘straightening of flow’ effect
that is sometimes allowed for (as shown in Fig. 8.10) is neglected the situation
shown in Fig. 8.15 arises. It is necessary to distinguish carefully between three
angles: a the angle of incidence; v the angle of incidence that the control surface
would have (due to motion of the parent vehicle) if it were undeflected; and & the
angle of deflection.
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Fig. 8.15

The fluid forces X, ¥ and the moment Mg applied to the control surfaces corres-
pond to the angle of incidence @, which means that P, Q and G also correspond to
this angle of incidence. However, these quantities may be equally thought of as
corresponding to E —+y. This is a convenient approach in the dynamics of marine
vehicles.

8.33 Some Practical Considerations

It has been shown that a designer would like to have large values of both
(i) (3Cy /30)x=p or (B3Cy/Bet)a=o and (ii) the stalling angle. These two requirements
are to some extent mutually opposed. The first is promoted by having a suitable foil
section for the control surface and by having a large aspect ratio. The effect of
aspect ratio on the Lift coefficient for a given hydrofoil section is shown schematically
in Fig. 8.16. For thin hydrofoil sections, operating at high Reynolds numbers,

T T T T T T T T
A= 50 20 133 10 080 067

12k [I D D D O O -
¢ L -
£
£ osf- .
2

04l -

0 1 1:). 1 _zLo_‘ . J# L "D'

Incidence angle, a

Fig. 8.16 Relative effect of aspect ratio AR on the lift coefficient of rectangular plan aerofoils.
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Equation (6.43c) of Section 6.3.4 can be used to determine the slope of the lift
curve of a rectangular-plan hydrofoil. It can be seen in Fig. 8.16 that aspect ratio
has little effect on the maximum value of €y, for a given hydrofoil. Unfortunately,
a high aspect ratio not only tends to produce early stall (i.e. at low &) but also
raises questions of strength and of vulnerability to obstructions.

The quantities (3Cy,/da)y=0 and stalling angle are clearly of great importance.
As a consequence they are studied experimentally in wind tunnels, water tunnels
and water channels. The results of these tests are tabulated for different profiles
(i.e. shapes in side view), section shapes, tip shapes, directions (ahead or astern) and
so on. In addition, a variety ofad hoc model tests are conducted on control surfaces,
including simulated hull effects and free-running models. The best response from
control surfaces occurs when they are fitted close to the hull. This precept is followed
in warship design but is often completely discarded where ships such as tankers are
concerned.

Inevitably empiricism creeps into the theory of control surfaces, because any
usably simple theory must perforce be very highly idealized. Considerable emphasis
is therefore made on the compilation and mode of presenting data[1]. Some of
these data will be summarized and discussed in Section 8.6.

8.4 Control of Steady Motion in the Horizontal Plane

We turn now from an isolated control surface to something which at first sight may
seem very different — the hull of a marine vehicle. To a very good approximation it
may be assumed that the forces acting on a hull in a direction normal to the water
surface are in equilibrium. Unless there is an excessive list a vertical plane of sym-
metry will determine Cx for most vessels, again at least to good accuracy. In short,
the conditions of our earlier discussions are met. The hull itself acts as a very large
control surface, albeit an inefficient one.

Motion is taken to be in the horizontal plane and, for the sake of definiteness,
reference is made to a r.‘onventmnil surface shlpA It must be noted at the outset that
yaw motion is not negligible. (The mini of a ship’s turning circle is as
little as three or four ship lengths; thus ¥ and § vary significantly from point to
point along the centre line.) It has already been explained that H normally lies
forward of C when C is placed in the midships region. Moreover, x; may be positive
or negative according to whether J is forward or aft of C (although the product ¥jx;
is always negative). Note that, in the figures, H and J are both placed forward of C
so as to indicate what positive xyy and xj imply.

Suppose that a ship under way performs a small parasitic motion of drift only, so
that it is subjected to a fluid force which has a nonzero moment M. The ship will
therefore commence to accelerate in yaw. In other words, a steady motion cannot
generally exist in which the ship drifts without yawing. If instead the ship yaws
without drift (so that its fore-and-aft axis is always tangential to its circular path),
the fluid force again produces an unbalanced moment about C. This will tend to
swing the centre line Cx out of the tangential direction and so produce drift. We
conclude that steady motion must either take place along a straight path containing
Cx or else it must entail both yaw and drift together.

The purpose of a rudder is to control the combined motions of yaw and drift.
The question of how a rudder functions in this capacity is considered shortly. First,
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however, the possibility of yaw and drift of the hull withour a rudder needs to be
examined, and this requires an investigation of directional stability.

8.4.1 Directional Stability of a Hull

A ship with its rudder held undeflected (i.e. in the fore-and-aft direction) would be
expected to be capable of only motion ahead. It is found in Chapter 10 that under
certain circumstances motion ahead can be only a theoretical possibility rather
than an actual capability. If the vehicle is directionally unstable, steady motion in
the horizontal plane without any parasitic motion is not possible, for any slight
departure from straight ahead motion will be magnified by the fluid forces. On the
other hand, if the ship is directionally stable a slight disturbance will tend to die
away.

The phenomenon of directional instability is now introduced in a preliminary
and elementary fashion. The discussion is based on the fact that when a ship is
actually ar the boundary of instability it will depart from motion ahead infinitely
slowly. During this departure we assume that steady conditions prevail and suppose
that the ship turns to starboard. The forces acting on the ship are then as shown in
Fig. 8.17, except that those in the fore-and-aft direction have been omitted. (The
force X is balanced by the propulsor thrust T.) Evidently, for small g and £2,

Yy + Yy =mVQ (8.33)
for equilibrium of forces perpendicular to Cx and, on taking moments about an
axis through C perpendicular to the plane Cxy we obtain, for steady motion,

Yixy + Yuxy =0. (8.34)

However, if the sum of the moments of the external fluid forces obeys the
condition

Yyxy + ¥y <0, (8.35)

there is a net moment about the centre of mass C tending to nullify the angular
velocity © (and hence §). This, then, is a rough-and-ready criterion of directional
stability. When we discuss unsteady motion we shall examine the implication of
this criterion. (This is in fact a degraded form of the correct inequality which must
be satisfied if directional stability is to prevail, and it is not suggested that this
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derivation of it is satisfactory, or even persuasive. Our purpose at this stage is merely
to point out that there is the possibility of a problem.)

8.4.2 Hull-Rudder Combination

By installing a rudder, forces P and @ can be applied along and perpendicular to
the centre line of the hull. Suppose initially that a ship has its rudder attached at
the point O shown in Fig. 8.18(a). This is, admittedly, an odd place to put it but
we can always place O aft of C if required. The forces applied to the hull may be
regarded in the alternative way shown in Fig. 8.18(b). The simplification of the
second approach (in which Gg is omitted) arises because the torque is infernal —
the system comprises the hull plus rudder. It is the second approach, which uses the
hydrodynamic centre of the rudder R as depicted in Fig. 8.18(b), that will now be
developed.

la}

b}

Fig. 8.18

1f the motion of the ship may be regarded as being (a) performed solely in the
horizontal plane, and (b) steady, so that £ is constant (and hence § measured at C
is also constant), then the forces acting on the ship reduce to: (i) thrust T (ii) hull
side force Yy arising from drift; (iii) hull side force ¥ arising from yaw; (iv) total
hull resistance X; (v) rudder resistance P; (vi) rudder side force Q; and (vii) inertia
force mVS2 applied at C. Note that a further assumption related to the rudder and
hull forces has been included. These forces are taken to act in the same horizontal
plane or, at least, departures from one plane are negligible. With R kept at the
strange position forward of C for the moment, we see that the forces acting on the
ship are as shown in Fig. 8.19 (but with either x; or ¥; negative).

The forces P and Q are, in effect, placed at the command of the helmsman and it
is with these that he controls £2. But variations of £ call fluid forces into being
which tend to alter §, the angle of incidence at C. Hence the helmsman controls £
and B by adjustment of P and Q (although these latter forces are not independent
of each other). By resolving forces along Cx, Cy and taking moments about C the
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mvR

Fig. 8.19

equations of motion are obtained as follows:

T-X_P=mVQsinp (8.36)
Yu+Y -Q=mVQcos (8.37)
*uYu+x¥y - OQxr =0 (8.38)

where either xj or ¥; is negative.
8.43 Posirion of the Rudder
It is well known that the rudder of a ship is normally placed at the stern and we
may now give one reason why this is so. The object of installing a rudder is to cause
the ship to yaw and by so doing to obtain an angular velocity £. Its performance
may be assigned a figure of merit based, for example, on the ratio /. In forming
this ratio § is assumed to be small so that Equation (8.37) is reduced to

Yu+Y - Q=myQ. (8.39)

Unfortunately, ¥ depends upon £ and so we cannot use Equation (8.38) with
Equation (8.39) to obtain £2/Q directly. If, however, the approximation

Yy
Yy=0|— =Y, 8.40
! ( a0 )ﬂ=n @ K549
is used for small £2, it is found that
XR — XH
T —— =2 4
Q (mV-Y¥qa)xu+Yax; (E41)
A dimensionless figure of merit is therefore obtained as
o Q Q' XR — X}
== == v ; 8.42
v / ToPyI™ @ (m' - Cygdxy +Cypx) (4
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where the primes on x denote dimensionless ratios of lengths. In addition
m'=mfpl®;  Cy, = Ya/hol'V. (8.43)

Note that the dependence of x; on £ is ignored because, by Taylor’s theorem, the
moment Yyx; and the force Yj are both roughly proportional to 2. For a good
rudder performance | £2'/Q’" | must be as large as possible.

If the rudder were mounted so that its hydrodynamic centre R coincided with
the hydrodynamic centre H of the hull in drift, then xg =xy and the rudder would
produce no steady yawing motion. The largest value of | Q'/Q' | is obtained if R is
as far away from H as possible, that is, if xg is large and negative. This accounts
(at least in large measure) for the location of the rudder at the stern of a ship.

With reference to the normal stemn-fitted rudder, it is of interest to see how a ship
behaves when this rudder is put over, When a vessel executes a ‘circle manoeuvre’ it
first proceeds in a straight line at constant speed. The rudder is then moved to some
selected deflection and the ship’s path is noted. The path is usually of the general
form shown in Fig, 8.20. After an initial transient motion the vessel begins to turn

Transient Steady
matien mation

Pathof C

™~ Rudder deflection

applied

Approach
Fig. 8.20 The circle manoeuvre.
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in a circle. We are concerned here only with this second phase, during the course of
which the forces applied to the ship are as shown in Fig, 8.21, where it is assumed
that x; <0 and ¥;>0. Figure 8.22 shows an actual model executing a circle
manoeuvre in a large test tank. A number of positions of the model have been
exposed on one negative in order to produce a composite picture.

We must also mention the locations of the hydrodynamic centres H and J. It is
tempting to refer to these points as if they are fixed in the ship. This, however, is
not strictly true, and indeed dimensional analysis indicates that

xji= ’:—“ = function (Re, Fr, ) (8.44)

xi= 'T’ = function (Re, Fr, ). (8.45)

How sensitive these functions are on the values of the dimensionless groups is itself
4 quite important matter.

Fig. 8.21

8.4.4 Some Comments on Rudder Design

In the above discussion it was assumed that the ship proceeds normally in calm
water and calm weather so that its response is dictated entirely by the rudder. This
is a simplification because wind and waves significantly affect manoeuvrability and
control. For example, a large superstructure forward may hinder a ship turning into
the wind.

A more subtle, yet equally basic, assumption has been made, namely, that the
ship possesses the ability to proceed in astraight line. As we have indicated, problems
of dynamic instability do arise in ships, notably in large tankers. These problems
are also common in aircraft, the behaviour of which can be materially affected by
the shape and position of control surfaces and the elasticity of their control circuits.

In the design of ships’ rudders, although some consideration is given to berthing
and manceuvring in confined waters, attention is mainly directed at manoeuvring
and control under way at normal ahead speeds in open water (as assumed up to
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Fig. 8.22 A model ship performing a circle manoeuvre.

now,) A variety of other techniques are available for low-speed’ manoeuvring, for
example, the use of tugs, restraint of motion ahead by wires and ropes (or ‘springs’),
the differential use of propellers, the use of thrusters and so forth.

The design of a rudder is — or should be — determined by the requirements of
performance in manouevring, directional stability and control. Unfortunately, as
things stand at present, these requirements are neither very specific nor quantitatively
expressed, so that rudder design is not an exact science. Consequently, for surface
ships, rudder features such as size, speed of operation, maximum deflection and so
on are usually based on the ‘evolution’ of previous practice. Although the present
discussion is restricted to steady motions transient conditions are also important.
In particular, there can be no question in the design process of ignoring the speed
of operation of control surfaces.

Now the design of a rudder is inextricably linked with hull design, since the
latter determines the types of rudder that could be used, the position of the rudder
and some limiting dimensions. The process of evolution of rudder—hull combina-
tions can be demonstrated in the approximate way depicted in Fig. 8.23, To
improve the turning characteristics of earlier vessels (although at the same time,
presumably, decreasing directional stability) the deadwood (area of skeg) was reduced
and, to reduce operating torques, ‘balanced rudders’ were introduced. Little dead-
wood is needed on “knife-like’ naval hulls with their large propellers, but there is a
need for ‘feathers on the arrow’ in beamier vessels for directional stability. Note
that, in the latter case, the ‘feathers” will be totally ineffective in improving direc-
tional stability if they do not protrude through the region of separated flow near
the stern,

Google i IO



1692

a)

Fig. 8.2} A visual summary of the development of rudders.
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Figure 8.23(c) shows an unbalanced rudder, of the type used on Brunel's Grear
Britain, for which a number of pintles were used to support the limited strength of
the rudder and its shaft. The rudder in Fig. 8.23(d) is the balanced spade type,
which is on many naval ships and fast craft, In naval ships, the after cut-up is long
and the rudder can be sufficiently small so that strength problems with the rudder
stock are not too severe. Furthermore, steering gear can be kept compact, an
important feature for small, fast marine vehicles. The ‘gnomen’ or ‘skeg’ rudder in
Fig. 8.23(e) is used largely on merchant ships, where the size of the rudder calls
for additional support to the rudder bearing. However, the lower portion of the
rudder can be used to balance the torque partially if required.

Whenever possible, rudders are placed in a propeller race for greater effect, 50
that U > V. The flow downstream from a propeller operating in a wake is exceedingly
complex and yet the rudder is still required to operate effectively. Remarkably,
this type of arrangement works well and is a great asset when manoeuvring at slow
speeds or from rest. The augmentation of ¥ by a propeller race at normal ahead
speeds usually means that U is 10—30 per cent greater than V.

Although many semi-empirical rules exist for estimating rudder forces and tor-
ques, these are at present very crude. (The basis on which bending moment and
torque in a rudder stock is normally assessed has already been mentioned.) The
rules adopted [1-3] are most often based on statics, although the largest angles of
incidence are likely to occur during transient manoceuvres. Unsteady conditions of
transient motion into or out of a turn (during the process of applying a deflection
or arising from any other source) may require special considerations, however, and
estimates of rudder forces are often checked by ad hoc model tests.

The designer must remember that hydrodynamic centres shift when a vessel runs
astern, and that the rudder then operates in clear water and not in the propeller
race. A rudder is not the most robust part of a ship; when a ship is docked for
overhaul it is often found that the back end, comprising the propeller and the rudder,
needs care and attention.

8.5 Control of Steady Motion in the Vertical Plane

For reasons of pressure-hull strength, most submarines are confined to a depth range
of only two or three times their own length. This means that the handling character-
istics in the vertical plane are of crucial importance, particularly at high speed.

As speeds of less than 5 m s™! (= 10 knots) hydrostatic forces become increas-
ingly important and eventually predominate. But, for speeds greater than this (and
15ms™", about 30 knots, is the likely maximum for the present), hydrodynamic
effects begin to predominate. These hydrodynamic effects arise from flow over:

(i) the hull, which (as with a ship) acts like an inefficient, but very large, lifting
surface; and

(ii) hydroplanes, that is, control surfaces whose interaction with the hull requires
examination.

Modern submarines usually have circular frames which have a common longi-
tudinal axis. It is convenient to take Cx parallel to this axis and to make this the
direction of ¥ in translation for zero fluid force in the perpendicular direction by
suitably choosing the zero settings of the hydroplanes. Even if there were no such
readily identifiable axisin the structure, Cx canstill be selected arbitrarily (so deter-
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mining the ‘level keel' condition) and then made the direction of V for zero fluid
force in the perpendicular direction during translation parallel to Cx.

As with the previous example of a surface vessel, the system of forces applied to
a submarine (in Fig. 8.24) in the direction normal to the plane of the diagram is in
equilibrium. Here, however, the equilibrium is a result of symmetry. In other
words, the submerged submarine moving in the vertical plane provides a problem to
which the theory of Section 8.2 can be readily adapted. (We have already seen that
motion in the horizontal plane is also of this type.)

Fo=a"=W

Herizantal

Fig. 8.24

Once more we consider small but steady perturbations of a steady reference
motion along Cx. Motion in the vertical plane will be referred to the axes Cx, Cz
(rather than Cx, Cy) with z measured positive downwards. The relevant perturba-
tions are now: (i) heave velocity of translation, which is positive downwards; and
(ii) angular velocity of pitching, which is positive when the bows rise,

It may be recalled that the steady motion of a control surface permits a useful
simplification to be made, namely that rotation can be ignored. For a completely
different reason the same assumption can be made for submarine manoeuvres in
the vertical plane. If the submarine is in trim the upward buoyancy force equals
the weight. This means that when Cx is inclined at an angle @ to the horizontal, as
shown in Fig. 8.24, there is a hydrostatic righting couple Whsinf = Whl, where h
is the distance between the centres of mass and buoyancy. It is therefore impossible
for a sready state of motion to exist in which pitching occurs, for pitching entails
variations of 8. (Note that this argument does not apply to aeronautical vehicles
because buoyancy effects are then usually negligible.)

8.5.1 Hydroplanes

It is common practice to provide hydroplanes both forward and aft. Nevertheless,
satisfactory control can be achieved with after hydroplanes alone, although forward
hydroplanes are very useful at low speeds. However, the boat can only maintain
constant depth with an even keel, that is with Cx horizontal, when both forward
and after hydroplanes are fitted. This cannot be done with only after hydroplanes
because, unlike a torpedo, a submarine is not axially symmetric (owing to the
presence of a bridge fin). Consequently, the hull of the boat experiences both a
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fluid force and a fluid moment about C in the vertical plane when Cx is horizontal.
Only if both forward and after hydroplanes are fitted is it possible with Cx horizontal
to counter both the force and moment, The settings of the hydroplanes required to
do this are termed the ‘balance angles'.? If after hydroplanes alone are fitted, the
beat can proceed at constant depth only by running with Cx inclined (as well as
with the after hydroplanes deflected).

Note that these considerations apply to a boat that is in trim, that is, in a state
of ‘neutral buoyancy’. There is no real need for a boat to be exactly in trim, how-
ever, except at very low speeds where hydrostatics prevail. In fact submarines are
often run somewhat light (or ‘positively buoyant’). In such circumstances rather
different hydroplane settings are necessary ‘to hold the boat down’ and these will
vary with speed.

When the hydroplanes are aligned with the local flow they do not produce a
lift force; the settings are then known as the ‘nodift® (or ‘inoperative’) angles.
Usually the no-ift settings are virtually parallel to Cx. Now for the purpose of
reference it is desirable to decide what the ‘zero’ setting shall be. Generally, it is the
setting parallel to Cx, but if this differs greatly, by more than 5°, say, from the no-
lift condition then the latter is taken to define the zero angles. For the least hydro-
dynamic resistance the balance and no-lift angles of a set of hydroplanes should be
close together, but this depends on the symmetry of the boat.

At each pair of control surfaces (i.e. hydroplanes) the forces P and Q, respectively
parallel and perpendicular to Cx, may be adjusted. Thus, if there are hydroplanes
fore and aft the forces exerted upon the hull are as shown in Fig. 8.25. Let the
resultant of Qr and @4 be @, so that @ is the resultant hydroplane force parallel to
Cz. The force @ may be found from the equation defining (i) the resulfant force

i Hydrodynamic
centre of

forward

hydroplanes, A

Hydrodynamic
centre of after
hydroplanes, F

Fig. 8.25
+ In some cases the balance angles are not set for a horizontal Cx as this would require excessive
deflections, limiting the scope of control on one side and increasing the resistance to motion of

the boat. Under these conditions the balance angles are chosen for a small trim angle on the
boat.
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normal to Cx and (ii) the net moment about C as shown, respectively, in Equations
(8.46) and (8.47):

Q=04 +0F (8.46)

X0 =—xa0a +X£QF 8.47)
Whence,

5=XFQF = %a0n (8.48)

OF +Qa
Thus, by adjusting the hydroplane settings ' may be moved along the Cx axis so
that, in theory,
—oo L X oo,

For the sake of convenience and conciseness, the following analysis of submarine
motion will be developed in terms of the equivalent force ( rather than the separate
hydroplane forces Qp and Q4.

8.5.2 Hull-Hydroplane Combinarion

The resultant fluid force F acting on the hull may be resolved into components X'
which is positive in the direction —Cx and Z (the sign of which depends upon the
sense of the angle of incidence §) in the direction Cz. These components act at H,
the hydrodynamic centre for translation, as indicated in Fig. 8.26(a), a statically

Horizontal

by

Fig. 8.26
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equivalent system being that of Fig, 8.26(b). A positive value of § produces a down-
ward pasitive force Z; that is, 8 > 0 when Cx is inclined below the direction of ¥, as
in Fig. 8.26(a). (Of course we could consider hull lift and drag forces, so that F’
may be resolved in directions parallel and perpendicular to the velocity ¥. But for
reasons that will become apparent the directions Cx, Cz are more convenient.)

The complete assembly of forces and moments applied to the submarine during
steady motion is as shown in Fig. 8,27, There are no inertia forces since the vessel is
supposed only to perform a motion of translation at constant speed. In what follows
the moments of Pp, Ps and T about Cy are disregarded on the grounds that they
are all undirectional and (in the cases to be ined) more or less We
shall also assume that the angles § and g are small.

a

Horizental

Fig. 8.27

The equations governing the steady motion of translation are derived by resolving
forces along Cx and Cz and by taking moments about an axis through C which is
perpendicular to the Cxz plane (in Fig. 8.27). The results are, respectively,

T-Pr-Py-X=0 (8.49)
Z-Q=0 (8.50)
Zxy + Whe — QX =0 (8.51)

The assumption of steady motion implies, from Equation (8.50), that Z adjusts to
the magnitude of @, applied by the hydroplanes, through a change of . Moreover,
@ will adjust itself to ensure equilibrium. If Q is eliminated from Equations (8.50)
and (8.51) it is found that

—
X=xy+ Z (8.52)

and we may note that in any normal craft xy > 0 and also that xyy varies little with
forward speed for small §.
Equation (8.50) shows that if Q is negative (upwards) Z is positive (downwards)
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and thus § > 0, that is Cx is depressed below the direction of V. If, on the other
hand, @ >0 then Z < 0and g <0 and Cx is above the direction of V. This leads us,
therefore, to two important operating conditions for submarines, namely, level trim
and constant depth.

(a) Maintenance of Level Trim
To maintain level trim, that is forward motion with Cx horizontal, # = 0 and so
Equation (8.52) gives

X=XH. (8.53)

That is, the equivalent hydroplane force @ must be applied at the hydrodynamic
centre of the hull as indicated in Fig. 8.28, The hydrodynamic centre is sometimes
known as the ‘neutral point’ in this context.

v

. /Hurimnul

Fig. 8.28

(b) Maintenance of Constant Depth

If the direction of ¥ is horizontal and @ acts upwards, Z must be positive. To give
the necessary angle of hull incidence 8, Cx is depressed so that 8 is negative. On the
other hand, if @ acts downwards so that Z <0, <0 and Cx is raised giving & > 0.
In either case, therefore, Equation (8.52) becomes

- Whe
X=xu —| Z | (8.54)
so that ¥ <xy.

In analogy with, for example, Equations (8.2) and (8.5) for steady motion of a
ship in the horizontal plane the force Z may be expressed in the form

aC;
Z=4p¥?% (J) =alip. (8.55)
3 /p=0
The coefficient a is given by
aCz
a=iol (—) ®356)
g Jg=0

and is positive. Provided that ¥ is not too low a can be considered independent of
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hull Reynolds number. Since & = —f in this case

_ Wh
¥ =Xy — pp = Xerits (8.57)

say. Equation (8.57) shows that x;j; <xy and so Q must now be applied aft of
the neutral point H at a distance that varies inversely with ¥'2, Consequently, @
must be applied at the ‘critical point® § in conformity with Fig. 8.29. On the basis
of these two special cases three significant points can be identified on the Cx axis
of a submarine, namely, S, C and H as shown.

For a given submarine moving forward at a constant velocity ¥ all three points
S, C and H are fixed. In general, therefore, the hydroplanes may be adjusted so that
@ is forward of H, or in SH, or abaft S. These cases will now be examined in turn,

Q a
c s H s H
+
Xeo Whis V21 Xerip Xu
™ WhiaViI

(al V large (b} V small
: g "
+ + —
Position depends Fixed Fixed (approx.)
on speed

Smaller Vc—i—— Larger V

Q applied here produces
no change of depth

Q@ applied here
produces no
change of trim

Fig. 8.29
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(c) @ Applied forward of H
With Q upwards (and hence Z >0 and > 0) we now require 6 > 0 in Equation
(8.52) since ¥ > x . The motion is thus of the form shown in Fig. 8.30.

a

Horizontal

Fig. 8.30

(d) Q Applied in SH
In this case, X — x¢rjr > 0 whether the critical point S is forward or aft of C. That
is,

; = Ll Whg \ _ Wh
x_xm.-(xm 7 )—(Iu—aym) 7 6+B>0. (858

In addition, ¥ <xy so that, since Z > 0 for upward @, Equation (8,52) gives § <0,
Consequently, Cx is inclined below the horizontal. Moreover, § > 0 to give Z > 0.
It follows that > | 8 | and the system is as shown in Fig. 8.31,

(e) Q Applied abaft S
Now X — xcrie < 0 whether S is forward or aft of C, Therefore

Wh
Zz ¢+p<o (8.59)

But Z >0, so that §>>0 as always for upward (, and also ¥ <xy so that 8 <0
from Equation (8.52). Therefore,8 <0 <fand |8 | >|f | to give the system shown
in Fig. 8.32.

In the above examples an upward @ (and therefore positive Z) has been chosen by
way of illustration. The argument for @ acting downwards is straightforward to
develop and results in a ‘mirror image’ about the horizontal of the systems depicted
in Figs. 8.28-8.32.

(f) Position of Q for Most Effective Depth Changing
The ability of a submarine to dive or surface is clearly of paramount importance.
Now the rate of change of depth for a given magnitude of Q is proportional to the
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a

Horizontal

{a) V large

Horizontal

(b} V small z
Fig. 8.31

inclination of ¥ to the horizontal, that js to @ +§, as shown in Fig, 8.27, The
expression (8.58) allows the following identity to be written:

Wh
X — Xerie = -z—(ﬁ +B) (8.60)

Hence, for a given Q we require the maximum value of ¥ — x¢py. That is, the distance
of Q forward of § must be as large as possible,

8.5.3 Some Pracrical Notes on Hydroplanes

The force @ in the foregoing analysis is obtained by the use of hydroplanes. As
already mentioned, they are usually fitted fore and aft, the arrangement being as
shown in Fig. 8.33. Sometimes (on American boats for example) the forward hydro-
planes are mounted on the bridge fin, almost exactly over the neutral point H, so
that they therefore become depth controllers only. Moreover, this location removes
them from the vicinity of the forward sonar transducers and also makes them useful
as gangways when the submarine is alongside.

Sections 8.5.2(c) and (d) show that if the equivalent hydroplane force Q is for-
ward of 8 an upward (negative) @ causes the boat to rise. Section 8.5.2(e) shows
that an upward Q causes the boat to dive if Q is applied aft of S. The practical
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arrangement shown in Fig. 8.33 is therefore based on the assumption that S is
forward of the after hydroplanes. It has been shown that S moves further aft at low
speeds. In a practical submarine S lies ar the after hydroplanes when ¥ is about
1-2ms~! (= 2—4 knots). This is known as the “critical speed’, and below it S lies
abaft the after hydroplanes. When ¥ is less than the critical speed control by the
after hydroplanes therefore reverses, a fact which causes problems with deep-diving,
low-speed submersibles.

Suppose that a submarine has to rise and that an upward Q is applied. Assuming
that ¥ is not too small, and that the cases examined in Sections 8.5.2(c) and (d) are
therefore relevant, X — x¢rjx must be as large as possible. In accordance with Section
8.5.2(f), @ must be applied as far forward of S as possible, Now at low speeds S is
well aft, so we should use the forward hydroplanes for maximum rate of rise. But
at high speeds S is well forward, so that the after hydroplanes will provide the maxi-
mum rate of rise with a downward force gt.

The main argument in favour of installing both forward and after hydroplanes is
that @ can thereby be placed where it is wanted, that is, X can be adjusted. This
means that trim (i.e. tilt) and depth can be controlled independently, for if Q is
applied at H, depth and not trim is altered, but if @ is applied at § (whose location
varies with speed) trim and not depth is changed.

8.6 Performance of Control Surfaces

Although of vital importance, it is extremely difficult to calculate accurately the
hydrodynamic forces and moments on control surfaces. The principal reasons for
this lie in the exceedingly complex nature of the flow in which control surfaces
operate. For le, the forward hydropl of a sub ine are partially im-
mersed, at the root, in the hull boundary layer. The after hydroplanes and rudder
may be totally immersed in the turbulent boundary layer, or even in the separated
flow, at the stern of the boat and may be affected by the forward influence of the
propeller. The rudder of a displacement ship or planing craft is deliberately placed
downstream from the propeller in order to take advantage of the high axial velocities
in the propeller race. However, there will be occasions when the rotational velocities
in the wake are a significant proportion of the axial velocities, for example, when
the propeller is highly loaded during acceleration phases such as getting underway
from rest, The flow passing the rudder is then strongly three-dimensional and will,
of course, contain cavitation bubbles shed from the propeller blades and boss.
Consequently, rudders are not placed too close to propellers — say at one propeller
radius downstream — and, furthermore, are offset somewhat from the centre line of
the propeller shaft. A given rudder may therefore operate partially in a propeller
race but with the remainder of its surface in the hull wake. It is also usual for the
shafts of high-speed craft to be inclined downwards in order to ensure propeller
immersion under cruise conditions. The race then passes over the rudder obliquely.
As a result of the complexity of the flows about control surfaces it is, perhaps,
not surprising to find that a number of rough-and-ready design criteria are in current
use. Many of these rely on previous experience with ships of similar form and must
therefore be employed with care when applied generally. In some instances desirable

1 Note that if H were very far forward and S moved close behind it at very high speeds, the
forward hydroplanes if aft of S, would operate in reverse fashion,
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features become mutually opposed; one case has been discussed in Section 8.3.1
and another concemns the turning qualities in response to rudder deflection which
improve for a ship inherently unstable in motion ahead, such as some warships.
Guidelines that have been adopted for the principal rudder parameters are as follows:

(i) Size. Rudder area is selected as a proportion of the product of the length of
the hull at the water line (Lwy) and the mean draught (T) in the ful.ly laden con-
dition. This proportion, or rudder area coefficient e, given by

€ = rudder area/TLyy (8.61)
is chosen in the light of previous designs.

(i) Speed of operation. Commonly, 2.33 degs™" is taken as a minimum require-
ment in order to provide a reasonable limit to the transient motion displayed, for
example, in the circle manoeuvre illustrated in Fig. 8.20. (Although we are con-
cerned here with steady motion the time taken to reach that state is clearly import-
ant and will be discussed in Chapter 10.) An alternative criterion is given in (1]
which uses the ‘degree rate of rudder deflection’ £g as a proportion of the ratio of
ship speed (V) to water-line length. Based on the work in [4] the criterion is given
by

ER 46, 7 degrees (8.62)
where Eg is the rudder deflection angle and ¥ and Lwy are measured in consistent
units of, for example, ms~" and m respectively. We then see that the rate of change
of rudder deflection depends on the size and speed of the ship so that, as might be
expected, small, fast ships call for fast operation of the rudder.

(iii) i Deflection. The effecti of a rudder is largely lost when stall
occurs along the whole span, This, therefore, limits both the deflection rate and the
maximum deflection which is often set at 35 degrees. At a rate of 2.33 deg st
takes 15 seconds to reach the maximum, Because the angle of incidence at the rudder
is less than the deflection angle a maximum angle of 45 degrees has sometimes been
adopted in the knowledge that the nature of the hull forces and moments and not
stall phenomena limits the useful rudder deflection angle [1].

(iv) Number of Rudders. The choice depends on the number of propellers installed
so0 that use can be made of speed aug| ation by the propeller race. Multiple, for
example twin, rudders must be well separated to avoid flow interference (cascade
effect) between them. Two rudders with a total area equal to a single, middle-line
rudder would generally each have the same span and therefore each of the pair
would have an aspect ratio about twice that of the single rudder. Thus, at a given
lift coefficient each twin rudder would have a lower angle of incidence than the
single rudder, as indicated in Fig. 8.16, appropriate to the ideal conditions described
in Section 7.5. The flow onto the twin rudders during a tumn is rather complicated,
but in effect the rudders should be staggered across the flow rather in the form of
the wings of biplanes.

(v) Rudder Balance, The location of the shaft attached to the rudder dictates the
torque required to change or maintain the deflection of a given rudder—hull com-
bination. The choice depends on the capability of operating gear, the type of rudder
and the extent to which rudder vibration can be tolerated,
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8.6.1 Approximate Formulge for Rudders

Many formulae have been suggested for the calculation of rudder forces and an old
one, used widely, is

Yg = 577SpU%sin Er(Ns® m™%) = 1.125g U2 sin £q (Ibf s® 11%), (8.63)

where Sg is the plan area of the rudder normal to the rudder side force ¥y and £g
is the rudder deflection angle. The velocity U is that approaching the rudder and,
for operation in the propeller race, is often taken as 30 per cent higher than the
ship speed V. For a centreline rudder of a twin-s ship the ation is
20 per cent.

Gawn [5] examined the formulae (8.63) in the light of additional tests and data
from aircraft controls. As a result, the following expressions were recc ded for
the estimation of the side force on rudders in ahead and astern motion for ships
with twin rudders fitted behind wing propellers:

Ahead
Yr = 211Sg V2 Ep(Ns* m™* deg™') = 0.041Sg ¥ #r (Ibf s* ft™* deg™")
(8.64)
Astern
Yr = 19.0Sg V2 2r(Ns® m™* deg ™' ) = 0.037Sr ¥ R (Ibf s? ft™* deg™).
(8.65)

In these expressions the true ship speed ¥ is used, allowance being made in the
coefficient for the effects of the propeller race. For middleline rudders behind
single screws the coefficient in Expression (8.64) becomes 18.0 N s® m? rleg'l
(= 0.0351bf s* f=* deg™") for both ahead and astern motions. The corresponding
coefficient for a middle-line rudder fitted to twin- and quadruple-screw ships is
15.5Ns? m™* deg™ (= 0.03 Ibfs? ft™* deg™'). It should be noted that these
results were obtained from model and fullscale warships of generally fine form.
Ships of higher block coefficient, such as many cargo carriers, have a greater wake
(i.e. the wake fraction is high) and so the preceding numerical factors are reduced,
perhaps by 10 per cent or so.

The hydrodynamic centre (i.e. centre of pressure) of the rudder must be located
in order to calculate the shaft torque. The appropriate rudder balance, consistent
with the capability of the installed steering gear, may then be determined. On the
basis of the data in [5] Gawn suggested that the hydrodynamic centre of the rudder
could be calculated by dividing the rudder into horizontal strips (normally perpen-
dicular to the axis of the shaft) according to the actual planform and whether the
strips of the rudder were in ‘open’ flow or immediately behind a skeg. The fore-and-
aft (chordwise) position of the hydrodynamic centre of each strip was taken to be
0.35 times the chord length aft of the leading edge for strips behind a skeg, with
this figure becoming 0.31 for strips in ‘open’ water. The rudder is essentially in
‘open” water for astern motion and so the latter figure applies for the complete
rudder. The local side forces can be summed to give the total side force and the
local moments can be summed to give the total rudder torque which, after division
by the total side force, yields the location of the hydrodynamic centre of the rudder
relative to the axis of the shaft.
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Although the preceding equations allow a :tmshtfnrwnrd ulcul.nlon of forces
od

and moments the results must be regarded as only

predictions are obtained, fortuitously, but it must be appmcjmed that the formulae
are based on rudder deflection angles and not local angles of incidence. Furthermore,
the relationships are only likely to be applicable for high Reynolds number flows
and for small angles of incidence.

8.6.2 All-movable Conirol Surfaces

A typical example of an all-movable control surface is that shown in Fig. 8.34 and
it may be identified with a spade rudder or a submarine hydroplane. The geometry
of such a control surface may be specified in terms of the variables given in Fig. 8.34,
although the cross section usually varies from point to point along the span. At the
root and tip of the control surface the chord length and section maximum thickness
are, respectively, ¢r, ¢y and fr, fr. The mean chord length &= (¢ +¢;)/2 and the
corresponding mean section maximum thickness ¢ = (f, +#,)/2 if ¢ varies linearly
along the span. The hydrodynamic centre H is located a spanwise distance by

Axis of rotation

Centre
plane
|
Centre plane
iy - ——
! |
1
Root
thickness
&
—
I
Mean
thickness
N
-
Trailing edge
Quarter- !
chord line
— I——
Tip thickness t,

Fig. 8.34 Geometry of all-movable (spade) rudder.
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from the root and a distance ¢y aft of the leading edge at its intersection with
the mean chord line. The line joining the quarter<hord points is, from thin-aerofoil,
inviscid-flow theory, that about which zero hydrodynamic moment occurs. The
mean span b is the average of the spans at the leading and trailing edges and so for a
trapezoidal planform the profile area § = bZ. The ratio b/ (= 5°/S) is the geometric
aspect ratio AR, the ratio t/c is the thickness-tochord ratio, the ratio cyfe; = A is
the taper ratio and A is the sweep angle. The sections of control surfaces are sym-
metric about the chord line (i.e. no camber is present) so that the magnitude of the
side force, for a given magnitude of incidence angle, is the same whether deflection
is to port or starboard. The velocity U is that of the fluid relative to the control
surface.

Comprehensive data on model control surfaces of the type shown in Fig. 8.34
were obtained by Whicker and Fehlner [6] from models fixed to the bottom of a
wind tunnel. A number of section shapes were used including the NACA 0015 (see
[7] for details) and ranges of taper ratios, sweepbacks and aspect ratios along with
different tip shapes were examined. Because the root section was close to an
‘infinite’ plane no free flow of air took place there from the high- to the low-
pressure side of the control surface. Consequently, the effect of aspect ratio on the
performance of the control surface is equivalent to that of the actual control surface
plus its mirror image, as shown in Fig. 8.35. In other words, the performance of a
control surface, profile area S, with its root adjacent to a plane is equivalent to that
of the control surface plus its mirror image in the plane to produce a planform of
area 25 and twice the original span. Thus, the effective aspect ratio AR' of the
original control surface is twice the geometric aspect ratio A&R. The same comments
apply to the actual operation of rudders and hydroplanes, except in these instances

Actual control
surface

Ground board

RATEIRRRERT IR R

oy
-
Ll
-
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the hull is not often plane but has transverse curvature. As the control surface is
deflected the root section is no longer closely seated to the hull and some flow takes
place through the gap. However, it is probable that in most instances 4R’ is not likely
to drop below, say, 1.74R even for large deflections.

In the practical case of a ship’s rudder the span is limited by the distance between
the top of the after cut-up and the keel to avoid grounding and damage in docking.
The chord length is governed by the distance between the propellen(s) and the
stern, bearing in mind the small clearance at the root and the possibility of aeration
if the water surface is approached. Consequently, for most ships geometric aspect
ratios are limited to about 1.5 (i.e. A&R'=3). The thickness-to-chord ratio has a
significant effect on performance , as too great a thickness will increase drag (and
therefore the force P in Fig. 8.12) and yet a sufficient thickness at the root must be
present in order to accommodate the shaft and sustain bending stresses, Usually,
tfc at the root does not exceed 0.25, whereas t/c at the tip does not fall below
about 0.10. Hydrofoil sections having values of 1/c between 0.12 and 0.18 appear
10 be the best hydrodynamically.

There is great advantage in utilizing a control surface which yields only a small
variation in the position of the hydrodynamic centre. When the type of control
surface shown in Fig. 8.34 has an elliptic distribution of lift force along the span a
unique relationship, independent of aspect ratio, exists between the taper ratio A
and the sweep angle A. In particular, A = 0.45 then corresponds to A = 0, but it has
been found experimentally that when A =045 a wide variation of A does not
materially affect the free-stream performance of the control surface.

All the profiles examined in [6] were tested with tips either squared-off or faired
with circular arcs. It was found that profiles with the squared-off tips invariably
achieved a substantially greater maximum lift coefficient and higher angle of incid-
ence at stall than the corresponding profiles with faired tips. Although a small drag
penalty has to be paid with the former these are generally adopted nowadays
because of their easier construction.

In addition to the substantial quantity of experimental data in [6] it was also
shown lhat good correlation could be fmmd between the data and the following

ical and i irical i the freest , low aspect
ratio, all-movable control-surface characteristics for motion ahead.

Lift Coefficient:

oCL Cpe ( & )2 L

C == — L

L u( )n=o &R \573deg] 1psU? (8.66)

where

ac, "

(a_L) - w =4 (deg™) (867
@ [/ az0 5773{( ) +4) cosA+1_s}
cos®A

= slope of lift coefficient curve at a =0
AR' = effective aspect ratio = 2R
A = sweep angle of quarterchord line

« = angle of incidence expressed in protractor measure (degrees)

Google



Control in Steady Planar Motion [ 437
Cpy = cross-flow drag coefficient
= 1.6) +0.08 for square tips or

10.72X + 0,08 for faired tips
A = taper ratio,
Drag Coefficient:
Ci D
Cp=Cp, + T i (8.68)
where

Cp, = minimum drag coefficient
=0.0065 at Cf, = 0 = a for NACA 0015 section.

Moment Coefficient: This coefficient is determined from the pitching moment
about an axis perpendicular to the mean chord line and at a distance c/4 from the
leading edge. Thus,

3Cy ac,,) Cpg ( e \?
Cy = 125 — | —= — - 8.
o “{025 (acL)cL=.,} (aa o 2R \5730eg) @9

(ﬁ,) 1 LIHERY +4}12 42
L) g-0 2 4R +2)
= slope of quarter-chord moment coefficient at Cp, = 0.

Hydrodynamic Centre (Centre of Pressure): The chordwise location, measured
from the intersection between the leading edge and the mean chord line, is given by

where,

o= (o.zs - C-—'")F (8.70)
Cr
where,
Cy =Cy, cosa + Cp sina
= side (normal) force coefficient.

The spanwise location, measured from the root section, is given by

[(2) e 5
by = 8.71)

Cpcosa + Cpsina

45
==
o for small Cp and/or a.

The preceding equations produce accurate estimates of the quantities listed for
geometries and flow conditions similar to those tested in [6]. For practical applica-
tions the derived numerical values can only be regarded as approximate and so
reliance is still placed on model testing and previous full-scale data.
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The semi-balanced rudder supported by a skeg or horn fixed to the hull, illus-
trated in Fig. 8.23(¢) and in more detail in Fig. 8.36, is being fitted increasingly to
vessels of all types. The skeg is adjacent to the rudder and must therefore be con-
sidered part of it. This type of rudder is therefore a combination, geometrically, of
an all-movable and a flapped rudder although it does not follow that the operating
characteristics are intermediate between these two. A comprehensive set of data,
based on the NACA 0020 hydrofoil section, is given by Goodrich and Molland [8]
for several geometries of skeg rudders mounted on the floor of a wind tunnel. That
part of the rudder abaft the skeg acts as a variablecamber hydrofoil. The perform-
ance of this arrangement depends on the camber, dictated by the movable part of
the rudder, and the angle of incidence of the local flow on the skeg which is nonzero
during turning of the hull. The area of the rudder below the skeg operates as though
it were part of an all-movable surface. There is a discontinuity between the two
parts of the rudder as seen in Fig. 8.36, so that tip vortices are formed at that loca-
tion and inevitably alter the whole flow about the combined rudder. In some cases,
the skeg extends to the base of the rudder and so no discontinuity in geometry
occurs. However, pared with the p ding ar it is found that this
combination tends to be hydrodynamically inferior in terms of the overall side-force
development. A clear advantage of the skeg rudder over the spade rudder lies in the

Rudder stock
centre line

| Fixed structure
{i.e. skeg or harn}

A A

Balance area

Qutline of lower
‘mavable portion
laid over

Fig. 8.36 The skeg rudder.
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means of attachment to the rudder stock and the simpler construction of the rudder
itself,

Comparisons were made in [8] between the performance of the all-movable
rudder and the equivalent skeg rudder for the three planforms tested. It was found
that (3CL [da)e=¢ for the skeg rudder was consistently less than that for the all-
movable equivalent and that a at stall was over 10 degrees higher. The maximum
lift coefficient was only about 10 per cent lower than that of the all-movable rudder,
In fact, the effect on the lift curve is rather similar to that of decreasing the aspect
ratio of the all-movable rudder, which is precisely the effect of the geometric dis-
continuity, The discontinuity also accounts for the increase in total drag force for a
given lift force owing in part to the generation of tip vortices and therefore an
increased induced drag. It was also found that the movement of the hydrodynamic
centre, both chordwise and spanwise, was significantly greater for the skeg rudder
than for the all-movable equivalent. In general terms, the measured data indicated
that the attitude of the skeg to the oncoming flow did not have a large effect on the
lift force produced by the movable part of the rudders. The skeg accounted for
about 20 per cent of the rotal profile area of each rudder. The largest proportion of
the change in the total lift force of the rudder-plus-skeg combination for a variation
of skeg angle arose from the change in lift force on the skeg itself.

There is no doubt that the work in [8] and earlier data discussed briefly in [1]
provide valuable information on the performance of skeg rudders in uniform flow.
The same may be said of the data from [6] and other similar work. Equally there
is no doubt that the interaction between the propeller and the rudder is very inti-
mate, as pointed out in [9]. Whether or not the effects of the propeller race on the
rudder are separable from the uniform-flow behaviour of rudders is certainly o]
to question. It is clear, however, that thorough investigations are urgently required
into this rather difficult area of hydrodynamics.
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9
Structural Dynamics

9.1 Introduction

Strictly speaking, no marine vehicle ever performs an absolutely steady motion.
Some parasitic motion is inescapable and this will involve distortion of the vehicle
to some extent. We are concerned, then, with the motion of a deformable body
through a fluid. If the fluid is a gas the study of this motion is the science of
‘aeroelasticity’, and if the fluid is a liquid the study is that of *hydroelasticity’.

It is often possible to obtain useful information about ‘rigid-body” parasitic
motions by simply ignoring the distortions that accompany them. (This is the basis
on which seakeeping and directional stability and control are usually investigated.)
The reasons for this concentration on rigid-body motions are that they are often
large and that they are not usually affected much by the distortions. But there is an
obvious and unpamm class of mv:st:gluun in which this approach is valueless. The
di ion itself must freq ly be studied, simply because it cannot be ignored,
and it may be accompanied by excessive stresses (which could cause breakage or
failure by fatigue). If the distortion is in the nature of a vibration, it may radiate
undue noise — possibly into the sea, which is a most efficient noise transmitter —
or it may be unpleasant. For a simple introduction to the study of such motions
[1] may be consulted.

We shall limit our attention here to distortions that are not accompanied by
actual structural failure, That is to say, we shall be concerned with problems of
time-dependent elastic defi ions (as the word ‘hydroelasticity’ suggests) and so
various types of vibration problem will be discussed.

Vibration is a common phenomenon in ships [2]. Plates in the hull near a
propeller may vibrate at ‘blade frequency” owing to the transmission of hydrodyn-
amic forces through the water. Again, a radio antenna whips to some extent when
the ship rolls (though this is unlikely to be a serious matter in practice). Now these
two problems differ in a signifi way. In the former motion, sea water must be
regarded as part of the vibrating system since the plates cannot move independently
of the surrounding water, We shall refer to ‘wet sea’ problems when confronted by
this state of affairs. In contrast, even though local vibration of an antenna is caused
ultimately by waves on the sea, the motion can validly be investigated using a
system — the antenna, suitably supported — of which water does not form a part.
This is typical of what we shall call “dry land’ problems.

The distinction between wet sea and dry land problems is quite fundamental, as
we shall discover. When the flowing water must be counted as part of the oscillatory
system, there exists the possibility (though usually not the probability in ships) of
‘self-excitation’. The situation is familiar to the aeronautical engineer, who must
contend with possible ‘divergence’ or with ‘flutter’. On the other hand, systems
typified by the antenna, in which the flow of fluid plays no significant part in
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defining the system, are usually ‘passive’ and self-excitation by the flow is not
possible. These dry land systems raise problems that are more akin to those com-
monly studied by mechanical engineers.

Both of the vibrations mentioned — those of the hull plating and the antenna —
are ‘forced’. That is, the motion occurs with the frequency of the imposed disturb-
ance. (The danger is, of course, that it may become resonant.) In the following we
shall refer mainly to this type of vibration. Self-excitation, transient oscillation and
random loading will be referred to only briefly since, in practice, they represent
highly specialized subjects, though very important ones in this context.

In all their generality problems of structural dynamics are usually exceedingly
complex. The difficulties are of two sorts — physical and mathematical — and the
structural analyst has to possess skills of both sorts. In this chapter we shall attempt
to identify ‘problem areas® in physical terms, and only in the barest outline shall we
indicate how actual numerical solutions may be reached by mathematical means, It
must be remembered that practical structural dynamics problems usually make
severe demands on the purely computational side. In particular, the use of an
electronic digital computer is often essential in practical vibration analysis.

9.2 General Linear Theory
It will help to fix ideas if we consider a very simple problem first. Consider an
anchored mechanical system that may be represented as shown in Fig. 9.1. Let ¥, a
constant, be the extension of the spring under the steady (i.e. constant) force F.
The instantaneous extension of the spring during excitation by the force
R)=F+1()
is ¥ +x. The equation of motion is
mx =—bx — k(x +x) + F +f(1)
and, since F = k¥, this reduces to
m¥ +bx +lox =f(2). ©.n

Suppose that an extra force F acts on the mass and that this force is applied in
some way by a flowing fluid. Plainly the quantity F will depend on (i) the nature of

Fie)

MARE NANNN N NNY

|

&

Google



442 | Mechanics of Marine Vehicles
the undisturbed flow, (ii) the configuration and geometry of the system in the flow,
and, (iii) the motion of the system. The first two of these features must be thought
of as “given’ and it is the last that is now considered. In specifying a fluid force of
this sort it is almost invariably the custom to make the assumption of ‘linearity’.
This means that F is assumed to depend in a linear manner on x, * and X such that
F=F — o - fit — 1% +x). .2
Here, F is a constant contribution to F and a, B, y are constants of proportionality
50 chosen as to permit use of the minus signs,
With this extra force F acting, the equation of motion becomes
m = —bx — k(% +x) + F+f(t) + F — ok — ¥ — (¥ +x),
and if x is now taken as being defined by

YX+kx=F+F 9.3)
this becomes
(m + @)% +(b + B)x +(k +7)x = f(r). 9.4)

At first sight this equation appears to differ very little from its predecessor. It seems
that the mass, damping and stiffness are merely augmented, But while this is true in
a sense it is necessary to make one or two observations.

In the first place, the mass m is not augmented by an identifiable mass of fluid.
The mass m is augmented by a quantity o which must not be assumed to possess all
the attributes of a mass. Thus if f(¢) = 4 sin wr and the steady resulting sinusoidal
motion x = B sin(cor — 8) is sought, the constant & will depend in general on the
constant w. Similar conclusions may be drawn in respect of the constants § and 7.

Secondly, it will be seen that one or more of the constants (m +a), (b +8),
(k +v) may be negative for an exponential form of motion. If this is so, a question
of instability arises since the free motion concerned (corresponding to the comple-
mentary function) may mask the forced motion of the particular integral. The
growth of the motion under these circumstances is possible because the system is
capable of extracting energy from the fluid flow.

It is worth while to pursue this line of discussion further. Figure 9.2 shows an
unanchored system having two degrees of freedom. Suppose that it moves in the
direction indicated so as to oscillate about a steady motion under the influence of
the applied forces F; () and F(r), and fluid forces Fy and F. The mass m, moves
with a velocity U} (f) which varies with respect to a mean value so that

Uy(5)= Ty +uy(0). 9.5)

This may be regarded as the bodily motion of the whole system. The distortion of
the system is measured by X,(r) where

Xa() =Xz +x2(1) (9.6)

and ¥, represents the dist-om'on of the spring in the steady state.
The applied forces are

Fi(=F, +f1(n): F()=F2 +£2(0) 6.7
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Fig. 9.2
and the fluid forces are
Fy = F} +(component depending on motion and distortion) (9.8)
F3 = F, +(component depending on motion and distortion). (9.9)
- To the variable p of Fy and F; we may employ the assumption

nflin‘earity. The components are:
—aylly — Bty — aa¥; — fia¥s —712(%2 +x2)
—tyylly — Prauy —a2¥; — Paa¥as — 7222 +x2)

respectively, where the o’s, s and y's are constants. Note that, since u,(t) is a
velocity, there are no #; terms under the assumption of linearity. Nor are there any
terms depending on the quantity,

E;“ld‘=xl

since the overall position of the system is of no consequence.
The equations of motion are therefore given by

mytty ={Fy +£1(0)) + {Fy —an ity — Bua(T) +un) —ana¥y

— Bra%z —712(F2 +x2)} +bX3 + k(%2 +x2) (9.10)
and
my(iy +%3) = {F, + (0} + {Fz — a¥s — Bants
—722(F2 +x2) — gty — Bau (T +uy)} - b%,
—k(xz +x2). 9.11)
Both may be simplified, since
Fy+F =810y —vi2%; 445, =0 (9.12)
in Equation (9.10) and
Fa+Fy—v2a%1 — a0y - k%1 =0 (9.13)
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in Equation (9.11). This will be seen by considering the steady motions of the
isolated masses when U, (t)=U; and Xa(f) =X;. We are thus left with a pair of
equations which may be written in the matrix form

|"" L tayy @2 ¥,
mytagy mp oy (| X2
i [ﬂll =@ Aﬂ:z)] [*:]
P21 b+faz2 || %2
0 k- (3
+[ k= 112) [11] =[fl()] 9.14)
0 k+722 JLx2 falt)
whereuy =%,,d, =X,. The analomr with the system that possessed but one degree
of freedom is at once app It is therefore natural to enquire if further generalisa-
tion is possible.
9.2.1 Use of Lagrange’s Equations
At the risk of over-exploiting the simple systems of Figs. 9.1 and 9.2, we shall again
derive the equations of motion. This time, however, we shall employ Lagrange's
equations for the purpose [3, 4]. The reason for adopting this fresh approach is
that we shall subsequently shift emphasis on to linear hydroelastic systems in general

and the Lagrangean technique provides a method of doing so.
The kinetic energy T and potential energy V of the system of Fig. 9.1 are

T=4mi?; (9.153)

V =4k +x)°. (9.15b)
From the (single) Lagrange equation

L)t
therefore, we have

m¥ +k(E +x)= 0. 9.17)
The g ized force Q correspondsto all the non-conservative forces, that is, those

not taken into account by ¥. Thus  represents the effects of damping, the fluid
force and the applied force. Let 6 W be the work done by these forces in the virtual
displacement §x, so that

5W= | bk + F(7) + F} bx. (9.18)

By definition, Q = 8W/8x so that, under the assumption of linearity of the fluid
forces,

Q=—bi+F+f(t) +F - a¥ - ¥ - 7% +x). 9.19)

We thus arrive at the same equation as before.
The use of Lagrange’s technique here is distinctly unhelpful. Indeed this approach
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is very seldom used in practical problems of hydroelasticity. But, as we shall discover,
Lagrange’s equations do provide a useful and powerful means of unifying what
would otherwise be a very large and diffuse subject. Without some unification,
hydroelasticity is little more than a collection of ad hoc investigations.

For the unanchored system of Fig. 9.2,

T=dmy (T, +u)* +4my(Ty +uy +2,)° (9.20a)

V= 4k(E; +x3)%. (9.20b)
The Lagrangean equations are

d {ar BT av

& (ax,) Frairet (0:212)

d [aT BT v

dr (E) ax, oy 2. (-210)

where %; =u,. To find the generalized forces it is necessary to consider the work
done during virtual displacements &x,, 5x3. That is

W _{F ()4 Fy() +Fy + Fylbx,
Q=5 =
1

bxy
=R+ RO +F +F (9.22)
BW_{-bi; +F (Q+|= 5x;
Or=r- 4=k ajix =Fy(1) + Fy — bi. (9.226)
2

Hence
(my +imgdiay +maka ={Fy +1(O} + {F +£00)}
+HF —aniy — (b +uy)
— @12%; — frata — y12(Fa2 +x2) | +{Fz — 018
—Bar (D) +uy) — a2a®y —Baa; — r22(%, +x2)} (9.23a)
ma(iey +%3) + k(% +x2) = {Fy + (0}
+ {Fy —agaty = Bos (T +1y)
—ay3¥; — faaks — 125(%; +x;)} — b, (9.23b)
The sum of Equations (9.12) and (9.13) may be used to simplify Equation

(9-23a), while (9.13) simplifies (9.23b). We thus amive at a pair of equations that
may be written in the matrix form

[mx +my oy tag  mg tag +ﬂn] ["'1]

my +agy mz *an *
+ [ﬁu +821 P2 *ﬁu] [’El]
B21 bt L%
. [o T2 +m] [ ] g [fl(r) +f:(f)] ©.24)
Kty i£10]
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or, in symbols
(A + AN +(B +B)4 +(C +C)q = (). (9.25)

The matrices A, B, C relate to the mechanical characteristics of the system in the
absence of the fluid flow. The effects of the flowing fluid are reflected in the mat-
rices A, B, C. The elements of these two sets of matrices are dependent on the
coordinates chosen and arranged in the coordinate matrix q ={x; x3}.

The pair of equations of motion in (9.24) may be brought into coincidence with
Equation (9.14) by subtracting the second from the first. (The second of Equations
(9.24) is already the same as the second of (9.14).) The present form of the matrix
equation is in fact the better one though. This is because the Lagrangean technique
can readily be used in general terms rather than by reference only to specific
systems. When used in this way it produces results that conform to certain general
rules.

This point may readily be illustrated by the above results, When the equations of
motion are arrived at by the method of Lagrange, the matrices A, B, C are found to
be symmetric. Moreover they are positive semi-definite, since the kinetic energy T,
the rate of energy dissipation and the potential energy ¥ are all essentially non-
negative [5]. While this is true of the equations we have just found, the previous
matrices for the mechanical constants were

[ml 0 [o —b] [0 -k]
my my)” lo &) Lo «k
which are all asymmetric.

(a) Added Mass from Lagrange's Equations

It is sometimes possible to obtain the hydrodynamic coefficients directly from a
generalization of Lagrange’s equations. Consider a very special case, namely the
system of Fig. 9.1 immersed in an infinite ideal fluid; that is, the fluid is incompres-
sible and inviscid, and extends to infinity in all directions. Suppose, further, that
the surface of the body, whose mass is m, is a sphere, and assume that the spring,
dashpot, and rigid support have no influence on the flow. It is shown in [6] that
the influence of the motions of the mass on the fluid may be accounted for entirely
by including the kinetic energy of the fluid in Lagrange’s equation for the system,
Now the kinetic energy of flow around a sphere may be obtained quite simply. For
a sphere of radius @ moving with velocity ¥ in a fluid of density p, the fluid kinetic
energy Tt is given by [6]

Ty = 4npa’it®. (9.26)
Hence the total kinetic energy of the system is
T=4mi® +4mpa’%?, 927

and this is the modified quantity to be used in Lagrange’s equations. Equation
(9.15b) can again by used for ¥. The corresponding expression for @ is

Q=-bx +F+f(2). (9.28)
(Note that were it not for the damping b and the applied force F(r), this would be
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a conservative system: the effect of the fluid is entirely represented by including
the fluid kinetic energy Ty in Lagrange’s equations.) If we now substitute 7, ¥ and
@ from Equations (9.27), (9.15b) and (9.28) into the Lagrangean equation for the
one degree of freedom system, we obtain

(m +3npa’ )% +b% + kx = (7). (9.29)

The fluid forces have therefore been found explicitly and for this particular case
the added mass is

a=4mpa®. (9.30)

The added damping and added stiffness are both zero, since the body is immersed
in an ideal fluid extending to infinity in all directions.

(b) Generalized Coordinates

The method of Lagrange owes its power to the fact that Lagrange's equations are
framed in terms of ‘generalized coordinates’. Such coordinates may be used to
specify the configuration of a hydroelastic system. In order to describe the passage
of a deformable vehicle through a liquid it is clearly necessary to employ variables
of two basic kinds:

(i) generalized coordinates specifying bodily motions about a steadily moving
reference configurationt;

(ii) generalized coordinates specifying distortions —both those imposed by
intent for the purposes of control and those that ‘just happen’.

Suppose that a suitable set of generalized coordinates has been chosen. Those
specifying bodily motions can be set out in the form of a column matrix, qg, say.
The distortion coordinates (whose selection in practice is a matter in which skill
can pay handsome dividends) can be arranged to form a column matrix, qp, say.
The complete matrix of generalized coordinates may be assembled from qg and qp.
to give the partitioned matrix

98
q= [ --1. (9.31)
9o

A Lagrange equation may be used for each element of q in the manner employed
for the system of Fig. 9.2, In this way a set of equations of motion may be derived.
The approach appears to be due to Duncan, who introduced it in the context of
aeroelasticity [7]. Itis not our purpose to discuss the theory in detail here, however.
(It is not, in fact, particularly simple.) But it is not difficult to see that the general
form of the theory is fundamentally the same as that already found. The equations
of motion are of the type

(A+A)j +(B+B)j +(C+C)q=1(r) (9.32)

+ Where these are not associated with changes of potential energy, they are sometimes referred
to as ‘ignorable coordinates’ since only their rates of change and higher derivatives appear in
equations of motion; for example see [5].
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where
q is a column vector of g
not,
A, B, C are inertia, damping and stiffness matrices of the structure,
A,B,C are added inertia, added damping and added stiffness matrices of the

(1) is a column vector of generalized external excitations.
9.3 ‘Dry Land’ and ‘Wet Sea’ Problems
It is not suggested that our general matrix equation occurs constantly — indeed it
almost never does in practice. The point is that, with its sole (and fairly mild)

restriction to linear analysis, the equation is one of great generality which readily
suggests those problems likely to be encountered.

tes, some igr and others

9.3.1 Pracrical ‘Dry Land’ Problems

As far as the mechanics is concerned, many of the vibration problems that arise in
marine vehicles are effectively just seagoing versions of problems that arise in
mechanical engineering. The fluid forces then play no significant part in determining
the characteristics of the vibrating system so that

A=0=B=C.

Thus in many practical cases there is (at least in a sense) nothing essentially nautical
about the investigations that have to be performed. This still leaves tremendous
scope for difficulties, however, as will be readily appreciated.

The system d is usually a localized one, for otherwise the flowing fluid
would augment the mechanical system in some manner. It follows that q contains
none of the rigid-body or distortion coordinates of the vehicle as a whole. Generally
speaking the elements of q will refer to local distortions (though, for example, rigid
rotation of a shaft would be quite normal). We shall now review these ‘dry land’
problems in the briefest possible terms.

(a) Free vibration

Free vibration is seldom of intrinsic importance yet it has nevertheless to be studied
for the determination of principal modes, natural freq ies and levels of d;

for those features of a mechanical system are important. In the derivation of prin-
cipal modes and natural frequencies, the matrix B is assumed to be null.

Free vibration of a marine structure over some frequency range of interest may
well be exceedingly complex. This is because natural frequencies are very numerous,
with many near equalities. This particular difficulty has led to the development of
an interesting technique of vibration analysis which is based on a study of the free
vibration following a blow of limited duration. The salient points of the method are
explained in Appendix I (at the end of this chapter).

(b) Periodic forced vibration
Forced vibration is a common phenomenon in marine vehicles, The relevant equation
of motion is

Afj + B +Cq =F sin wr (9.33)
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and the source of excitation is a reciprocating engine or auxiliary
machinery, The idea of “displacement excitation® is sometimes invoked to study
localized vibration. While this type of excitation, too, may be due to unbalanced
machinery, it may also be of hydrodynamic origin. Thus it may be necessary to
stress a mast during rolling oscillation, since the metacentric height of the vehicle
could be sufficiently large to produce excessive stresses. It may therefore be con-
venient to specify a sinusoidal motion of the base of the mast, a technique which is
discussed in [8].

Little need be said here about these types of motion as they will already be
familiar, It must be remembered that resonance has usually to be avoided, It is worth
recalling, however, that there are certain general approaches to the control of forced
vibrations, which are

(i) Reduction of excitation:
— by modifying the process by which it occurs (e.g. by ‘balancing’ of rotors);
— by reducing the effectiveness of the process of excitation (e.g. by shifting
the source to a less sensitive location within the offending principal mode);

(ii) Increase of damping:
(iii) Detuning so that c is not near coincidence with a natural frequency:
(iv) Modification of the vibrating system:

— by installing an absorber;
— by changing A or C (e.g. by the introduction of suitable ‘mounts’).
(c) Transient Vibration

Transient vibration is not as widely studied as periodic forced vibration, yet it is by
no means unimportant. The equation of motion is now

Af +B4 +Cq =1(p)
and appropriate analytical techniques of solution are described in the literature [9].
Some modification of traditional methods may ionally be necessary because

the driving may be in the nature of a ‘displacement excitation’. The underlying
theory of this type of vibration analysis is dealt with elsewhere [10].

This particular type of vibration analysis is often of great difficulty. Consequently
it is something of a Cinderella, thus although much of the electronic apparatus in
a warship has to be protected by shock mounts, the choice of these mounts is
unlikely to be a highly scientific business.

(d) Self excitation
Conditions can arise with active systems [1] in which the equation
Aj+Bi+Cq=0 (9.34)
has an exponentially growing solution of the form
q = Wexp{ozr) sin fir (9.35a)
or, alternatively,
q = Wexp(y1). (9.35b)

This is not particularly common in marine vehicles (although it could conceivably
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happen with a rapidly rotating shaft having high internal damping) and the matter
need therefore be taken no further here.

(e) Nonlinear vibration

There are many ‘dry land’ vibration phenomena whose nature cannot be described
even approximately by linear theory. This difficulty commonly arises from the
violence of the motion, which is sufficiently large to be of the same order of magni-
tude as a dynamically significant di ion of the system. For example, the ampli-
tude of vibration of a plate may not be ‘much smaller than’ the thickness (as linear
theory usually requires). This state of affairs requires the techni of li
vibration theory, a highly specialized subject that lies outside the mope of this book.

9.3.2 Practical 'Wet Sea’ Problems

The linear theory of hydroelasticity requires, in general, that the matrices A, B,C
be retained in the equations of motion

(A +A) +(B+B)j +(C+C)q=f(r). (9.36)
But a complete analysis of this equation would rep a formidable task if q
contained more than two or three ¢l Consequently relatively few types of
system have been studied with any g lity and extreme idealization has invariably

10 be practised. Our purpose here is to outline briefly the more important types of
problem that have arisen,

When a rigid vehicle has a fore-and-aft plane of symmetry and performs a sym-
metric reference motion, small deviations from that motion are of two distinct and
mutually independent types, namely, ‘symmetric’ and ‘antisymmetric’. This fact is
used extensively in the study of directional stability and control (see Chapter 10).
The same arguments apply to a flexible marine vehicle provided it is symmetric in
all respects about the plane Cxz of body axes Cxyz and has a symmetric reference
motion. (In selecting body axes we shall follow the convention adopted for the
rigid vehicle.) This simplification is used when ship hull vibration is classified as
(i) vertical flexure, or ‘symmetric vibration®; and (ii) horizontal flexure coupled with
torsion, or ‘antisymmetric vibration®,

The main areas of investigation that involve significant fluid effects have been:
ship hull vibration (both general and local); marine shafting problems; and propeller
blade vibration (‘singing’). As these are all serious matters it is not surprising to find
that an enormous (and highly specialized) literature now exists on all of them.
Furthermore, in view of the considerable difficulties of practical cases it is under-
standable that the techniques of analysis normally adopted rely heavily on empirical
results. Helpful rules of thumb abound in this field and it will be appreciated that
particular care should be exercised when using them.

9.4 Hull Vibration
The hulls of marine vehicles are subjected to three main types of excitation:

periodic — main engine, propeller, auxiliary machinery;

random — waves;

transient — particularly heavy seas with wave impact, jetty impact, slamming,
weapon firing, anchor drop manoeuvres, mine detonation, etc.

In this chapter we shall concentrate mainly on periodic excitation since it is not
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only of intrinsic interest but is also relevant in other investigations.

In the general subject of penodl.c forced vibration ol hu!ls we again find that a
question of ‘scale’ arises. It is to two ex-
tremes:

(i) ‘ship-girder’ vibrations in which the entire hull is treated as a free —free beam
on some sort of foundation; and
(ii) local vibration in which attention is focused on a plate, or some other
hically limited sub-system in which a blesome motion occurs,

We shall refer almost exclusively to problems of type (i), that is to vibrations whose
frequency is low enough not to invalidate the ‘hull-girder’ idealization. Unfortun-
ately, the distinction between types (i) and (ii) is not a sharp one and the analyst
has sometimes to consider the hull as a more or less crudely made structure with
many close natural frequencies and very uncertain damping. Under these conditions
the techniques of statistical energy analysis may have to be used.

94.1 Excitation of Periodic Vibration by a Propeller

A common source of periodic excitation in symmetric vibration is a propeller. Al-
though the nature of the excitation has been the subject of much research |2, 11, 12],
it is a very difficult field and progress is understandably slow. Excitation of two
distinct types may be identified, arising from (i) bearing forces and (ii) surface
forces.

(2) Propeller-bearing Forces

Even under perfectly steady flow conditions, the propeller runs in a non-uniform
wake. The drag and lift forces and fluid moments applied to each blade therefore
fl as thep ller rotates at speed. This fluctuation causes periodic
forces to be npphed to the hull. From the point of view of forced hull vibration,
two features of this excitation are of vital importance — the amplitude and the
frequency. As might be expected, the amplitude is difficult to calculate. Fortunately,
the more important matter of frequency is straightforward. Our purpose now is to
discuss the frequency and, in doing so, to indicate what the calculation of amplitude
would imply.

Suppose that an ¥ bladed propeller rotates at constant speed 2 in a steady wake
and let us consider the nth blade. A thin slice cut from the surface at radius r (see
Fig. 9.3(a)) generates a lift force 5L,. We now wish to determine the manner in
which 8L, may vary and hence account for a fluctuating force 8Fy in the vertical
direction Oy. The contribution 5L, has the general form

6Ly = Re[E Crexplik(Qr + B,.)I]br (9.37)
k=0

where Re implies that real parts are to be taken, and

a.=(";l)2n.

This is because the flow conditions, assumed steady, produce a fluctuating force
(i.e. 8L, may be expressed as a Fourier series). Inevitably the flow is influenced by
the hull, by A-brackets, by the rudder, and so on. Note that determination of the
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coefficients Cy from a specified wake distribution would be no mean task, They are
dependent upon such factors as blade shape, wake distribution, cavitation effects
(which must be assumed periodic), etc.

The contribution of 5L, to the bearing force §F) is given by

8Ly, sin f sin(S2 +8,),

where B is the local helix angle of the blade which depends only on r. Summing the
contributions over the N blades, we have

- N
§Fy = R:[Z 3~ Crexp|ik(f +8,)} sin (Qr +G,)] sinB. & (9.38)
k=0 n=1
It is shown in Appendix II at the end of the chapter that this expression reduces to
W
5F, =Re| 3 3 Cuexp itk — 1)}
e,
el

Y Cuexplitk + 1)} |sin g . &
i

N=1
AN 1

..
2

or, expressed rather more elegantly,

8Fy = m["’% l G142, (Cawer — Cuv—1)exp(DVE) ” sin § - &r.
el (9.39)

This result confirms what would be expected intuitively. That is, the total bearing
force obtained by i p of this sort for a]] &r acting in the vertical
direction contains: (i) a steady comp (i)a of frequency
NS, the ‘blade frequency’; and (iii) harmonics with multiples of lhe blade frequency.
By the same token, if the moment of 5L, about the axis Oz is determined, a fluctu-
ating bending moment of the same general character is found.

(b) Propeller-induced Surface Forces

Surface forces are likely to be more important than bearing forces and are caused
by the periodic approach of blades to the surface of the hull. The fundamental
frequency of excitation is, of course, that ‘of the blades’ but, since the pressure
fluctuation at the hull surface will not in general be sinusoidal, harmonics will also
be present. The amplitude of forcing is far more difficult to calculate than it is with
bearing forces and reference should be made to the literature for details of tech-
niques that have been proposed [13]. (A major difficulty is the dominant role
played by propeller cavitation (sce Chapter 7).) In practice it is essential to keep the
blades well away from the hull surface and not to allow other design considerations
to permit the clearance to be pared away.
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9.4.2 Excitation of Periodic Vibration by Waves

If the motion and distortion of a hull in a confused sea are to be investigated these
responses have to be treated as random processes. It might be necessary to determine
the statistics of, say, bending moment amidships or vertical acceleration at the bow
given details of a ship, the operating conditions and statistics of the waves. This
type of analysis requires preliminary estimates to be made of steady-state responses
to regular sinusoidal waves [14, 15]. Hull response to a sinusoidal sea is of cardinal
importance in ship dynamics and it is significant that the frequencies at which per-
ceptible responses occur are usually low enough for the hull-girder idealization to
be tenable.

9.5 Structural Dynamics of a Uniform Beam in Symmetric Motion

In order to gain an appreciation of the vertical flexural response of ship hulls, it is
useful to consider first the simple idealization of a uniform beam. For this we shall
develop an admittedly rough-and-ready theory which shows why the simple quasi-
static approach to the stressing of ships in waves has been so successful. In the
interests of clarity at this stage we shall make use of the simplest possible beam
theory, with the Bernoulli—Euler assumptions that shear and rotary inertia effects
may be neglected. This is plausible for a long slender beam in the lowest modes of
vibration. A more detailed treatment of the subject is given in [15].

Consider the hull girder as a uniform free—free beam floating in the water and
subject to a distributed excitation force f(x, t) per unit length. By describing the
excitation in general terms we shall be able to handle both local forces, such as
propeller excitation, and forces distributed along the complete hull length as in
wave excitation. We shall, however, restrict our attention to harmonic motions,
bearing in mind that this is frequently the first step of a more general dynamic
analysis, and in particular of a random vibration analysis.

Under the influence of the distributed exciting force f(x, ), the vertical equation
of motion of an element of draught 4 and length 5x, subject to the forces shown in
Fig, 9.4,is

3
s+gx£6.t — 5 +(mg +f)x — pgb(d +v)5x =m’5x%;

where m represents the mass per unit length of the beam, p represents the water
density, and, for the element, b and v represent the breadth and deflection. The
shear force is represented by § and the bending moment by M. The section is
assumed to have an associated added mass per unit length &, which when added to
the distributed mass per unit length of the beam gives a ‘virtual’ mass per unit
length m'. Note in this simple ideali that m’ is d constant along the
length of the beam and that no attempt is made to allow for damping forces, either
hydrodynamic or structural. As 5x - 0 this equation becomes

as oty
§+mg+fupsb{d+v)=m al”

Now in the equilibrium condition the weight of the element equals the buoyancy
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{mg+ ) Bx

vie pobld +v) Bx
Fig. 9.4

force acting upon it; thus
mg = pgbd
so that the vertical equation of motion reduces to
as .82
5 tf—pebv=m -;Z (9.40)

Since we are neglecting rotary inertia of the cross section, the rotational equation
of motion is

M+BM6x M+86x=0
T 2
or in the limit 8x = 0
aM
;=—S. (9.41)

As we are also neglecting the influence of shear deformation, we may use the
moment—curvature relation of simple beam theory:

_
M=EI b i (9.42)
Combining Equations (9.40),(9.41) and (9.42) we obtain the one governing equation
a*y L 3%
EI ax—;+mbv +m a—f=;=f. (9.43)

9.5.1 Free Vibration
By considering free vibration we may attempt to find ‘natural frequencies’ and
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‘principal modes’ of the floatingbeamt. For free vibrations Equation (9.43) b
aty i v
EI;;fngbvd—m ?-0. (9.44)
which is satisfied by a solution of the form
WX, 1) = 9(x) sin cor
where
) "2
Eldxﬁipgba—mm ¢=0. (9.45)
Let us take
’ 2
_mw” —pgh
prim— (9.46)
50 that we may express Equation (9.45) in the form
)
—w £e=0, (9.47)
which has the general solution
¢ =A cos fix + Bsin fix + C cosh fx + D sinh fix (9.48)
where the constants A, B, C D are d ined by the boundary diti two at
each end of the beam. For the free—free boundary diti p ing the
conditions at the ends of the floating beam:
M=0 atx=0,1
(9.49)
§=0 atx=0,L
Thus for the uniform beam
d*p
—=0 atx=0,/
dx 9.50)
d%¢
3 =0 atx=0,i,
and hence a set of four homogi ions are obtained for 4, B, C, D. The

determinant of the coefficients must lhencfonc be set to zero, yielding a transcen-
dental equation for f. This has an infinite number of solutions B, to each of which
corresponds a frequency w,, and a set of four constants 4,, B,, Cy, Dy defining a
characteristic mode shape ,.

1t is found [4] that these functions and mode shapes may be written

d,l(x)=¥ (x - %) withf_y =0 (ie.r=-1) (9.51)
Sox)=1 withfg =0  (ie.r=0) 9.52)
#(x) = (cosh fix + cos Bx) — o {sinh Brx + sin fx) (9.53)

1 There are a number of objections to this on theoretical grounds [15], but these are ignored in
the present treatment.
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where
i _ cosh 81 — cos B!
"~ sinh 8] — sin B4
with f, given by

coshBlcosd—1=0 forr=1,2,....

Note that these functions are indeterminate to the extent of a multiplying con-
stant in each. The amplitude of the resp in free vib is undefined if the
initial conditions have not been specified. Note also that the index 7 has been chosen
to start from —1 to emphasize the special characteristics of the lowest two modes
(r=—1, 0) of the uniform beam. These modes are seen to be rigid-body modes, and
are associated with the values §_; = 0= f,.

Thus

pgb
wly e we.

Indeed, for the uniform free—free beam in vacuo (p = 0)
w_3 =0=wyg.

The distinction between these lowest two modes for the uniform free—free beam
in vacuo and its higher modes (r =1, 2, . . ) is particularly clear. It is less evident
for the uniform floating beam, in that the frequencies associated with the rigid-body
motions are no longer zero, Any distinction between the lowest two and higher
modes of a non-uniform floating beam becomes somewhat artificial, as the theory
of the non-uniform beam illustrates, although in practice it is still useful to make

this distinction. The characteristic modes for the uniform beam are shown in
Fig.9.5.

(a) Orthogonality of the Principal Modes
Let ¢,(x) and ¢y(x) be the principal modes corresponding to the frequencies w,,
w, so that, from Equation (9.47),

- e =0 (9.54a)
and
Lt ¢’ — =0, (9.54b)

When Equatum (9.54a) is multiplied by ¢, and Equation (9.54b) is multiplied by ¢,,
and the results combined and integrated over the range 0 < x </, then

(ﬁ?—ﬂ;‘)ﬂm,dx-g ('t.g—‘br’ . "’)
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Fig. 9.5 Some characteristic modes of a floating beam.

Integrating the right-hand side twice by parts, we obtain

O Poe dos dey dg, d ¢]
o - a0 G0 gE- LT RS

2 2 2 2
| (LaLe-Lede).

! w? e A
which is equal to zero at x =0 and / since the boundary term is zero for any com-

bination of ideal supports. In this case, the appropriate conditions are, at x =0
and I,



Structural Dynamics | 459
Therefore,

1
@ -, pmeo
Now except forr = —1 and s = G, or vice versa, §, # f, if r # 5. Hence,
1
S Prpsdx =0, r#s.
°

This is the orthogonality property for the characteristic functions of the floating
uniform beam. By substituting the values given above for the characteristic functions
it may in fact be shown that

[
S rgedx =0, r#s
o

=l r=s

}fnrr,.s:—l.ﬂ,],l‘..,,, (9.55)

9.5.2 Forced Vibration
Equation (9.43) may be written in the form

?? Piad aty I 5
+ -y (9.56)
Ak whv
where
EI pgh
'71 =, ’? » 03 - T .

The response v(x, £) may be expressed in terms of principal coordinates p{f) in the
form

vx, 0= 2 pAOBX).
r==1
The principal coordinates therefore satisfy the equation

da MX)

L piwta) 7 E PO g2 r ik 3 PO = e

But, since
e M"’ =gla e r=—1,0,1,2,...

the former equation may be written as

E Bt)grlx) + E @8 +wfle(erx) = — f(x. 1. (9.57)

re=—1

Google



460 | Mechanics of Marine Vehicles
By noting that
T +wh=of
we may multiply the equation of motion (9.57) throughout by ¢.(x) and integrate

over the range 0<x </ It turns out that, because of the orthogonality of the
modes,

1
P-+w3pr=ﬁsuf(x,t)¢,(x)dx. r=—1,0,1,2,....

As we are concerned with harmonic excitation at frequency ¢, the force f{(x, 1)
may be written in the form

fx, 1) = Re[ftx)explicar)]

where Re denotes the real part of the complex number contained within the brack-
ets. Note that although f{(x, ¢) is real, f{x) may be a complex quantity; indeed this
is the case for the wave excitation to be examined subsequently.

We may now define the generalized force f; associated with the rth mode. Thus,

1
ﬁ=§°f(x)¢,(x)dx. r=-1,0,1,2,... .

The uncoupled differential equations for the principal coordinates may therefore be
written

Pr*wfpﬁm[;’%exp(m)], =-1,0,1,2,... . (9.58)

‘The steady-state modal responses are the particular integrals of this set of equations
and are given by

2 Ir y
prr) =Re [m exp(wr)] (9.59)

for all modes. The response to the harmonic excitation is
& o Jtdx)
v(x, 1)=Re [El mexp(iwl)] " (9.60)

We note that resonance is possible in any mode r if w -* w,. Moreover the response
in any mode r is dependent on the generalized force associated with that mode. The
latter observation is crucial to the behaviour of the beam under the influence of
wave excitation, as we shall see, and it is also relevant to machinery excitation and
propeller excitation, Consider, for example, propeller-induced vertical forces at the
stern bearing of a ship, which we shall represent as acting at the point x = x, of our
uniform beam. If the magnitude of the force is P, the rth generalized force is

= SL FOX,(x)dx = P,(xs). (9.61)

Google



Structural Dynamics | 461

Hence the response in mode r is proportional to the magnitude of the rth modal
ordinate at the point of application of the force. If the excitation occurs at a node
of the rth mode (i.e. at a point where ¢,(x) = 0), then the response in that mode
will be zero. In practice, however, this possibility is rarely achieved because of the
large number of modes excited during the service conditions of a real ship.

(2) Response to Wave Excitation
The uniform beam is assumed to be excited by deep-water sinusoidal waves posses-
sing a time-dependent depression

t(x, 1) = acos(w,t — kx) (9.62)
where ¢, rep s the freq of ter with the waves, @ represents the
wave amplitude and k the wave number. The excitation force is then taken as the
crude and simple approximation}

fGx, 1)= pgbl(x, 1)

= Relapgb exp(—ikx) expliw,r)].

Hence for wave excitation
fx)=apgb exp(—ik)
and the generalized force is, say,

fr=apgh ‘:exp(—ikx) $r{x)dx = apgbig,.

The response of the beam to wave excitation is, following substitution in Equation
(9.60),

e, )= Rz[ 5 ﬂwexxwﬁ)]

re=—1 m'(w; — wd)

- 3 -
=a Y, pbln) ,S #x) cos{iar — kx)ix ©9:63)
reeg Wr —we I Jo
where use is made of the relation
m'eat = pgb. (9.64)

Evidently, the possibility of resonance arises if the wave encounter frequency w,
equals a natural frequency c,. It may also be noted that the generalized force f; is
a function of the product k/, and hence of the ship length/wavelength ratio I/A,
since

| ©65)

ignores ing of the incident wave by the hull, a behaviour

0

o}
0Q

~
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The modal responses will therefore be dependent on the ratio I/A. These matters
may be illustrated by formulating a rudi ary theory of seakeeping. To do this
responses in the —1 and 0 modes only are considered and the subsequent theory of
seakeeping may be regarded as a study of motion in these modes. We are therefore
concerned with the response

ool (228 o]

where g,(}/A) indicates that g is a function of [/A.
It is convenient to think in terms of the slope and vertical displacement of the
centroid. For the uniform ship these are

() )l (Jees] o
v=g(:ft;h:-%_r-;3) [gn (') exp(lw,:)] 9.67)

respectively. The integrals defining f_, , o can now be evaluated:
_ (1) _v3 (AN? il ol 2nd
P (1) () (o R )
.. 2nd =l 2l
—:[ T‘-K(i-‘:ml\)]]
o (1) 2 (8) s 1o 2)|
Bo\R)Tm\7)\" A ! Al

Let us now briefly examine the variation of the slope and vertical displacement
with the ratio ship length/wavelength. Consider first three special cases:
(i) a very short ship (/A +0);
(ii) a “Reed’ ship whose length equals the wavelength (/A = 1); and
(iii) a very long ship (/A - ).

(i) The short uniform ship. 1f I/A = ¢, a small quantity, we find that

F-1 (i) =—:r713e’ -i%e

14,
£o A =] = ime.

It follows that, amidships,

¥ fa w o
x = 7 m € SIN Wel

and

CO 3[@ INIVERSITY O LIFORNIA
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and
v a(—zis) €05 Wel.
Wy — we
Now the corresponding wave depression and wave slope at the centre of mass of the
short ship are, respectively,
¢ =a cos Te coS Wt +a 5in TE sin wel
=g COS Wel
and

a

a . .
x (7) 2me(cos e Sin we! — sin mE COS Wel)

= (%) 2me sin wel.

Hence for the short ship
v, @ x

ax ug —wlax (5.68)
and
wi
yaE—a—{ (9.69)

Wp — we
Thus the ship follows the surface of the sea. However, the ship motion may resonate
if we =+ wo.
(ii) The uniform ‘Reed’ship. If IfA =1, we find that

g1 (%)n‘? 2o (%):u

av a wi 6
= - .7
p (I)(W_I—:-o—we 7 Cos et (9.70)

Thus,

and
v=0 ©.7)

for the motion amidships. The ship thus performs a sinusoidal motion in which the
slope fluctuates, without vertical motion of the centre of mass, as shown in Fig. 9.6.
Note again that the motion will resonate if w, ~+ wq.

(iii) The long uniform ship. If IfA =0, it is found that g_, and Fo - 0. Responses
in the —1 and 0 modes therefore become very small, although theoretically reson-
ance is possible if w, = wg.

For the more general case of a ship of length I, the amplitude of the oscillating
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Fig. 9.6 Response of a "Reed’ ship to harmonic wave excitation.

slope and displ:

may now be ined. These are, respectively,

() (@22 @) (=R R R
(e em )T

6 (ot o m
A\ ATAR

>

2nl ARG
in? = 4 - bt
sin A (1 [ .‘\) }
_ mﬁ A
B e 3 1

Lon®ea (-2 N (L

Wy — wh T A Wo — we °\A
with the dimensionless functions #_;(i/A) and ho(//A) defined accordingly. These
quantities are plotted in Fig. 9.7. We see that for a given wave height the maximum

hoy
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variation of slope | dv/3x | arises in waves with a length approximately equal to the
length of the beam.

(b) Wave-excited Bending Moments in the Uniform Beam
If the hydrodynamic force on the beam is Fy per unit length, the bending moment
at any section xg is

Mixo, )= S:ﬂ (Fy — m¥)(xo — x)dx, 9.72)

Now in terms of our crude theory of the uniform beam
Fy = pgb(t — v) — ofl. 9.73)
Thus, from Equations (9.72) and (9.73),

M(xa,:)=peb§:° (@—")—%V)(Xo - x)dx

X0 V
-] (6 =93 ) - r0x ©79)
where use is made of Equation (9.63) and the relation
mta=m'. 9.75)

Substituting for {(x, r), from Equation (9.62), and for »(x, ), from Equation (9.63),
we obtain from Equation (9.74)

Mixo, 1) = apgh Re{ r° (exp(—ih)

X %—E'ém(x)) (0 — X)dx exp(iu.r)] (78

=1

For the sake of simplicity, ideration is given to the amidships bending

at xo =1/2. Symmetry argumenu then show that all the terms of the series for even
values of r are zero. The integral in Equation (9.76) may be evaluated and, for
convenience, separated into two sets of terms: thesummationforr=1,3,5,..., %,
and the others. This leads to the expression

] sinmlfA 1 —coswifA nl
(5.0 ot (St - g ) s (w-3)

1

1 2 1
+apgh(w? — wh) E —1——1 So Bp(x)cos (we — kx)dx So r(x) (5 - x)dx.

3,

0.77)
It is thus found that resonant contributions to the amidships bending moment are
obtained only from the modes 1,3, 5, ... . In particular, there is no resonant con-
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tribution to the amidships bending moment in a uniform beam from the —1 mode.
Let us now consider the limit of the right-hand side of Equation (9.77) for an
infinitely rigid ship. In this case
Er
7=

e B
m

Hence
O =8 W) e, r=1,2,3,. ..

and all the terms of the summation tend to zero. It follows that the amidships
bending moment in a perfectly rigid beam is given by

AW 1 u
M (E ; r) = apgb*M¥ (A) cos (w.r i ) (9.78)
where M™ (I/A) is the dimensionless quantity

1\ _(sinml/A 1—cosml/A
MW(K) (B(vrrm)_ WA ) ©.79)

Furthermore, this is the exact value of the amidships bending moment in a flexible
beam at the particular encounter frequency w, = wp. It is also a close approximation
at other values of encounter frequency, provided that w, <€ w;; this is because all
terms of the summation in Equation (9.77) are then negligible. In other words, a
small change of w, away from wq causes little direct change in the bending moment
in the flexible beam. The only indirect influence is through the term MY (#/A) since
W, is related to the wave frequency and hence to A.

It is clear that the nature of the resp oftheb atlow freq ies (we < w))
differs qualitatively from that at higher frequencies. When w, coincides with
one of the natural frequencies w;, wj, w3, . . ., high stresses are set up due to

resonance. The stresses are infinite in our theoretical model, although in practice
they are of course limited by damping, It is convenient to refer to this phenomenon
as a condition of ‘resonant encounter’. At the lower frequencies, this phenomenon
does not exist in the uniform beam, The possibility of high stresses then arises
because of the nature of the function M™ (I/A), which is plotted in Fig. 9.8. We see
that there is an absolute maximum when

1
A L1l (9.80)

In the lower frequency range an absolute maximum amplitude of amidships bending
moment exists if the ship length is a little greater than the wavelength. We refer to
this condition as ship—wave matching.

9.6 Application of Beam Analysis to Ship Hulls in Steady Motion

The uniform beam analysis which has been outlined, and which is discussed in more
detail in [17], indicates many of the features of the behaviour of real ship hulls.
The response to dynamic excitation may be written as the sum of responses in an
infinite series of modes, of which only the lowest few modes will generally be of
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interest in the range of freq ies excited in practice. In the higher modes it is

unlikely that the simple assumptions of beam theory will be tenable. It may be
misleading to assume that at the higher frequencies plane cross sections remain
sensibly plane: thus in the higher modes of a tanker with longitudinal stiffening, the
instantaneous distortion at a cross section may be as indicated in Fig. 9.9 (see [18]).
This, however, is a specialized subject beyond the scope of this book, as are the
details of introducing corrections for the influences of shear and rotary inertia on
the lowest beam modes, We simply observe that it may be necessary to make allow-
ance for these, since a ship is unlikely to be very long and thin; but this is relatively
straightforward when use is made of the app numerical techni which
‘become obligatory when dealing with the complex non-uniformity of stup hulls.

It is clear that interest centres on the lowest modes of a ship hull, acting as a
beam, and on the responses in those modes to various excitations. Methods of
performing these calculations will be described in the following sections. The
response of real ship hulls is discussed in a qualitative manner [19].

For the uniform ship the lowest two modes were found to be rigid-body modes
having equal natural frequencies. Neither of these characteristics generally holds for

Fig. 9.9
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a real ship, represented by a non-uniform beam: the lowest two modes are not
without distortion, and the corresponding frequencies differ (although they are,
nevertheless, close to each other). Furthermore, a real ship does not usually have
fore-and-aft symmetry, and the strict symmetry and antisymmetry of successive
meodes does not always apply. For most ships the distortion in the ‘heave’ and “pitch’
modes is negligible, an assumption that has always been made in the past. If the
higher modes are ignored, this then leads to the idea of the ship as a rigid body,
which has for many years been the basis for ship stressing. It can now be shown
how this is related to the quasistatic approach which was discussed in Chapter 3,

9.6.1 Rigid Ship Approxirnation for Behaviour in Waves

Our study of the uniform beam in waves has shown how, in the rigid modes, the
displacement and slope of the centre of mass are subject to a condition of resonant
encounter. This is true also of a non-uniform beam, but for a real ship damping due
to wave making in these modes is so high that resonant magnification factors greater
than 1.5 are most unlikely. I.algt’.moumu ufl real s}up are therefore predominantly
the result of some type of sh Maxis pitching
motions occur somewhere in the region of wxve]cngth equal to ship length.

The overall strength of the ship is related to the maximum hull girder bending
moment, and this has been examined for the uniform beam. Qualitatively, the
analytical results for a real ship are very similar, if it is assumed to respond as a rigid
body. Ship—wave matching is again the governing phenomenon, and the maximum
amidships bending moment is given in a wave whose length is approximately equal
to the ship length. This indicates why the traditional quasistatic approach of balanc-
ing the ship on a wave of the same length has worked so well. For a simple uniform
beam the quasistatic approach gives an identical value of bending moment to the
amplitude of fluctuating moment obtained from a dynamic analysis of the rigid
beam, Now the dynamic analysis of the rigid-body motlons of a regl ship in waves
introduces several lexities beyond our previ ion. Nevertheless, the
resulting bending moments are found to be of the same order (in fact somewhat
smaller) as those obtained from a quasistatic analysis.

This discussion is not intended as a justification for the quasistatic approach, but
rather as an indication of why it has worked satisfactorily before more sophisticated
analytical tools became available. The reasons for abandoning it are clear. Not only
does the qumstau.c nm.lysn genera!ly give unnecemnly conservative results when

d with a well for inistic, rigid-body dynamic analysis, but it
has no possibility of extension to deal with the random nature of waves. The
advance in the 1950s to the rigid-ship d: lic approach allowed a fund: 1|

switch in the philosophy underlying sh.ip stressing. By using certain reasoned
assumptions about the statistical properties of waves, together with the mathematics
of random process theory, it became possible to estimate the maximum bending
moment likely to be applied once in the life-time of the ship.t The ship is then
designed to resist this without demanding major repairs.

1t is worth while to outline the procedure involved in a thorough dynamic
analysis of the rigid ship. The equations of motion are written in terms of appropriate
generalized coordinates, which for symmetric motions correspond to heave and

+ This corresponds to a probability of about 10°* that the bending moment will not be exceeded,
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pitch measured at the centre of mass. The two equations are coupled by the hydro-
dynamic terms for added inertia, damping and stiffness. An additional complexity
is that these hydrodynamic terms are generally frequency-dependent, and involve
contributions proportional to the forward speed of the ship. The wave-exciting force
has terms proportional to the free-surface elevation and to the velocities and accelera-
tions of wave particles. All these hydrody ic forces are eval d on the basis of
strip theory, in which the flow past hull cross sections is assumed to be two-dimen-
sional. For a given ship velocity and wave frequency, the resulting coupled equations
may be solved and the heave and pitch amplitudes determined. As for the uniform
beam the bending moment at any section may then be calculated. In this way a
transfer function is derived, giving the vertical bending moment resulting from an
incident wave of unit amplitude, over a range of frequencies. This transfer function
is used in conjunction with wave statistics provided by the oceanographer to yield
probabilistic estimates of extreme bending moments.

The procedure we have summarized in the preceding paragraph is quite complex.
Even so it is based on fairly sweeping assumptions. Quite apart from the strip-theory
hypothesis for obtaining hydrodynamic forces, it is assumed that the ship responds
in rigid moedes and in no others. This latter simplification is reasonable provided
that (i) the lowest two modes are indeed essentially rigid, and (ii) the relevant
frequencies of excitation are well below the natural frequencies of the higher modes.
Condition (i) is not a matter that has been examined in the past, and seems to call
for further investigation. The behaviour of the ship when condition (ii) is not satis-
fied will now be examined.

9.6.2 Response in the Two-node and Higher Modes

Some very large and flexible ships may be induced to resonate in the two-node
mode by waves. This is a relatively new problem, caused by the decrease in natural
frequency associated with increase in ship size. It is particularly relevant to tankers
and Great Lakers, and a correction, distinguished by the name ‘springing’, is then
sometimes applied for the analysis [20]. The analysis of springing stresses may form
an integral part of the assessment of the strength of large ships.

Response to wave excitation (‘springing’) has also been well illustrated by the
uniform beam analysis, but there are certain aspects which should be considered in
order to emphasize the similarities and contrasts with wave-induced response in the
lowest modes. Flexural stresses due to springing are iated with the ph on
of resonant encounter, and they are therefore strongly dependent on a ship’s forward
speed. In contrast, large bending moments due to response in the lowest modes arise
predomi ly from ship hing, and these are only weakly dependent on
speed. Full-scale measurements at service speeds have shown springing stresses in
current ships, including tankers in the 3 GN (= 300000 tonf) displacement range,
to be generally smaller than low-frequency wave stresses, except in large Great
Lakers, where they have been found to be of the same order. The difficulty, how-
ever, is that of designing for fatigue. In order to predict accurately the fluctuating
stress ranges to which a vessel will be subjected, it is essential that the designer
should have reliable methods of dynamic analysis.

It will be appreciated that the separation of a ‘springing’ response from that in
the lowest modes rests upon certain empirical assumptions, and there is consequently
some difficulty in attempting to develop a rational theory for use with very large
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ships. It has been pointed out [15] that difficulty of this nature can be avoided quite
simply by adopting a rather different approach ab inirio.

1t has been noted that a rotating propeller stimulates a ship’s hull into forced
vibration and there exists a real possibility that the response might be resonant.
Generally speaking, the frequency of such motion is sufficiently large to throw
doubt on the concept of the ‘hull-girder’; the hull does not act as a nen-uniform
beam. But at the lower end of the propeller frequency spectrum this form of
idealization may still be adequate and much research in this field is based upon this
assumption. We are then concerned with the two-node and higher modes.

To examine the response of a ship hull to propeller (and for that matter, other
machinery) excitation in these rather restricted conditions it is necessary to deter-
mine the excitation fo:ces Once this mforrnallnn has been obtained, by experiment
of by theoretical cal the lized forces may be calculated.
The modes of interest are those whusn: natural frequencies are close to a major
driving frequency. Modal responses are calculated on the basis of assumed values of
damping, which is discussed below. In contrast with calculations of springing,
responses to propeller excitation are usually made with the aim of keeping ampli-
tudes within tolerable limits for envir | (as opposed to strength) reasons.

9.6.3 Numerical Methods for Hull-girder Vibrations

In the discussion of the structural dynamics of ship hulls in symmetric motions, it
is seen how the first step in the analysis is to obtain the first few natural frequencies
and characteristic modes. For complex non-uniform beams of the type that might
be used to idealize a real ship hull, exact solution of the free vibration equations
will seldom, if ever, be possible. Approximate numerical methods are required, and
we shall briefly outline two possible approaches based on methods applicable to a
very wide variety of problems in structural mechanics. For very rapid, approximate
solutions to certain ship vibration problems other methods may also be useful, as
for example those due to Rayleigh and Stodola. These are powerful methods which
may be clearly illustrated in the context of beam vibrations, but they are unlikely
to be of direct relevance to analysis of the highly complex structure of a ship hull.
The Rayleigh and Stodola methods are of more use for simpler configurations; an
example of their use might be in the estimation of the lowest natural frequency of
an antenna, idealized as a tapered cantilever.

In this chapter we shall continue to adopt the simplifying assumptions used in
Section 9.5. That is, we shall not employ the far more powerful methods of hydro-
elastic ship analysis but will continue to use the basic ideas that underly much
contemporary practice.

(a) Transfer Mairix Methods

These methods are well suited to analysis of non-uniform beams, and the effects of
shear deformation and rotary inertia may be included in a straightforward manner.
To keep our explanation simple, however, these latter effects will again be consid-
ered negligible.

In the general form of the method, the beam is idealized as a set of uniform
beams joined end to end. In considering one of these elementary uniform beams,
the displacement, slope, bending moment and shear force at one end are expressed
in terms of the corresponding quantities at the other end by means of a so<alled
‘transfer matrix’. This matrix is obtained from the general solution for free vibration
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of a uniform beam. By proceeding from one end of the beam to the other, and
multiplying transfer matrices for adjacent elements, the bending moment and shear
force at one end may be expressed in terms of the displacement and slope at the
other for a certain frequency of vibration. Because of the free—free boundary
conditions this leads to a homogeneous set of equations; the determinant of coef-
ficients should therefore be zero, The value of the determinant will, however, depend
on the chosen frequency for which the calculation was made, and by iteration the
natural frequency may be found. The corresponding mode shape may then be readily
obtained.

A somewhat simpler variant of this approach is the Myklestad—Prohl method,
which is now described in some detail. The non-uniform beam is again divided into
a series of beams, but the mass of each elementary beam is apportioned between its
ends and concentrated there, The continuous beam is thus approximated (as
indicated in Fig. 9.10) as a system possessing

{(number of cuts) + 2} =n
degrees of freedom.

a 3 2 1

Fig. 9.10

Each degree of freedom may be associated with the deflection of a mass, and
that deflection may be considered as an element of a matrix q. In terms of our
present approach, each such deflection must in some way be associated with an
‘added mass’. In practice, an added mass is found for each ‘slice" of the hull, being
given by

added mass per unit length
(far appropriate ‘average’ ) x (length of slice).
cross section

This quantity is added to the mass of the slice and the sum is then divided (usually
equally) between the appropriate cuts.

The concentrated masses are connected by lengths of beam which, being massless
and undamped, distort according to the laws of statics, and if the cuts are close
enough together these short lengths are effectively uniform, If the hull can indeed
be treated as a beam (rather than a shellyt we may find flexibilities for the segments,
treating each in turn as a cantilever of small span. Thus for the rth slice, of span /,,
the flexibilities are

[ i Lt
= 31 e e

T 26 El,
as indicated in Fig. 9.11.

&

T It has been suggested that this is acceptable provided that an equivalent, reduced width (i.c.
beam dimension) is assumed.

Google O i i



472 | Mechanics of Marine Vehicles

A
4 s 4
] y
A 5 A 3 ol
4 A |
; \! b : \ ¥
4
4 4 ",
4
A A
e [4
{a) fb}
rig. 9.11

Consider a vibration of the complete free—free beam with some assumed fre-
quency w. Starting at the right-hand end of Fig. 9.10 we have a mass m representing
half the mass of the first slice and half the added mass of that slice (assuming that
the masses were divided equally). This mass is acted upon by a shear force §; and
bending moment M, , both of which vary sinusoidally with time (see Fig. 9.12(a)).
Evidently

8 =m¥, =4n1F1w2 sin wt = §) sin wt
My =M, sinwt=0

so that the amplitudes §; of Sy and M; of My can be written down in terms of
the assumed amplitudes ¥, of deflection v and & of slope 8 at mass 1. Now consider

M,y S,

(g |1

Sivt

M, Sn-1
(F -
Sa {d)
fav
Fig. 9.12
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the first slice together with the second mass (Fig. 9.12(b)). The deflection (positive
downwards) and slope (positive for clockwise rotation) at mass m, are given by v3
and @,, where

0y =02 —mS —LiM;

vy =¥y — 15 —mM; +1,0;
respectively. Hence

0, =0, +n,8) +§ 1My =@y +75) )sin wt =B sin wr

vy =vy +E1S1 +mMy - 1102 = (Fy + £1.5) - 1182)sin wr =73 sin wr.
Furthermore,

Sy =8y +maby =(§) — myFz0® sin wr = 5, sin wt

My =M, + 1,5, =1, 5, sin cwor = M, sin wr.

Starting with assumed amplitudes 7;, §; we first found §; and M. Now we
have deduced ¥3, 83, §2 and M. It is possible to move along the whole beam in
this way for the assumed frequency since, at the rth slice (Fig. 9.12(c)),

8ray =By + oSy + 4,7 (9.813)
ey =¥ +ES, + oMy — LB (9.81b)
Sre1 =8 - mepy i w? (9.81¢)
My, = H,+1,5,. (9.81d)

The calculations may be done in a tabular form or, much more effectively, on a
computer.
The results of the calculation are the quantities

Sp=8nsin wt (9.82a)
My, = My sin wt (9.82b)
at the left-hand end of the beam (Fig. 9.12(d)). They are expressed in the form
5 =An¥y + Bl (9.83a)
M, = Ca¥y + D8, (9.83b)
But since the left-hand end is free, M,, = 0 so that
- Caric
8, =— B’i A
and hence
- BnCa\ -
5= (,4,. . D—) 7
or
Bo_ D, (9.84)
5y AuDn— BaCa
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The quantity ayp is a cross receptance between the two ends of the beam. If a curve
of 1fa;n is plotted against w, the initially assumed driving frequency, the zeros
occur at the natural frequencies since they correspond to S,, = 0. The corresponding
sequences of values 7, , V3, . . ., 7y define the principal modes.

Strictly speaking, the added masses that should be used depend upon the assumed
value of w. This is because, with sinusoidal motion, A, B and C are in general fre-
quency-dependent. This is a matter of some consequence in wave excitation and it
further emphasizes the superiority of a more complete hydroelastic analysis. It has
been found, however, that this dependence is usually very weak and can be ignored
in cases where the excitation is that of a propeller and yet the frequency is not high
enough to invalidate the hull-girder idealizations [21].

It must be understood that the Myklestad—Prohl method of calculation has been
described merely by way of illustration. The method is capable of refinement,
notably in regard to the corrections for rotary inertia and shear deflection. A dis-
cussion of practical results relating to surface ships is given by Lewis [22].

(b) Finite Element Methods
A more general technique which may be applied to a system of any degree of com-
plexity, within the limits of computer technology, is the finite element method
[23]. In ship structural dynamics this has great potential for solving complex vibra-
tion problems such as the interaction between the main hull and local vibrations
[24]. The application of the method to dynamic problems is now briefly illustrated
by again considering symmetric flexure of the main hull as a non-uniform beam,
The beam is divided into a series of elements, and frequencies and mode shapes
are calculated by what may be considered an extension of the Rayleigh—Ritz
method. We consider a uniform element (indicated in Fig. 9.13) and assume that it
deforms according to the sraric deflected shape, as in the Rayleigh—Ritz method.
Note that in the Myklestad—Prohl method the static deflection curve is also used,
but this is a consequence of concentrating the mass at the ends of the elements. In
the finite element method to be described here, the mass is assumed to be distributed
uniformly along the element; it is also possible to incorporate concentrated masses
simultaneously. If the deflections and slopes at either end are as indicated in
Fig. 9.13, it may be shown by simple beam theory that the static deflection curve is
given by

T(E) = (1 - 38 + 27, + (5 — 267 + WD,

+(8 — 2y + (- £ BN 9.85)
[ I |
I —
El,,m,

Google iEkE Ty OF GALIEGR



Structural Dynamics | 475

where £ is the dimensionless coordinate x/I,. In matrix form this may be written

#E) =a' (. (9.86a)
Also,
2
:T} =b'@e” (9.86b)

where the superscript r indicates that a matrix is associated with the rth element
and a prime signifies a transposed matrix. In fact

W 1 -3¢t +28°
8, (E-28° +&)
r) _ . =
il P L P
[ 8N

and b(£) is obtained by differentiating Equation (9.85) twice with respect to £.
Now for harmonic motions ¥ sin wr, we may write expressions for the strain
energy and kinetic energy in the element. These are respectively

EL [# [ d27)\2
V(’?=—2’£L (:—J) d sin? o (9.87)
ry f--'a'"r LY 2
bal =5 | Pdrcos® . (9.87b)
o

Hence
v =47 | ELLi, i: b(EW'(B)E |77 sin? cwr = 1ROV (9.88)

where K i the ‘stiffness’ matrix of the element and is given by the expression
within the braces, and v*) is the matrix of generalized coordinates

v = 7 gin cor,
Furthermore

i 1 g
T =4 {midy S a()a'()E | 7 cos? wr = P MM (9.89)
o

where M) is the *consistent mass’ matrix of the element and #*) stands for d(v(")/dr.

Thus for the total assembly of n elements we have, from Equations (9.88) and
(9.89),

n n
V= ; W) = %g VRO (9.90a)
n l n "
T= ):l, T = 3 ZI Y pln) (9.90b)
= =
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Consider now a matrix of all the generalized coordinates (2n + 2 in all):
[y

¢ |
L]

03 o
q=| . =q sin wt. (9.91)

Pn+1
Lﬂnﬂ-
The quantities for ¥ and 7" may be rearranged in the form

¥=4qKKq; (9.923)

T=44'Mg (9.92b)

[n these exp K and M rep respectively, the total beam stiffness and
:onsistent mass matrices,

We now use the Lagrangean equations for the beam in free vibrations. There are
2n + 2 such equations for this system, of which the (2r — 1)th and the 2rth are

d (aT ar _ av
E(a_w)_BT,+Tn=D (9.933)
:—: (:{) = :T?: + :T’:= 0. (9.93b)
The combination of Equations (9.91)—(9.93) yields, in matrix form,
—w’Mg+K3=0
or,
(K — w?M)q = 0. (9.94)

The natural frequencies are thus the square roots of the eigenvalues of this set of
equations, and from their solution the characteristic modes can be obtained.

This method is ideally suited for implementation on a digital computer, and it
may be used with a wide variety of elements for more complex vibration problems,
for example beam, plate and shell elements. It may also be easily developed for the
calculation of the dy i toa plicated distri excitation force.

9.6.4 Secrion Properties

The methods previously described require knowledge of structural properties fora
discrete set of sections along the length of the hull. Some of these, such as flexural
rigidity and mass per unit length (or possibly lumped mass at a point), may be
found in a relatively straightforward manner, although the numerical work involved
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should not be underestimated. There are two properties, however, on which we
must elaborate.

(a) Added Mass in Symmetric Vibration

The above treatment assumes that values of ‘added mass’ are known. We shall now
explain briefly how these values are found, noting first of all that there is no sug-
gestion that mass is really ‘added’ in the sense that an identifiable body of water is
‘entrained by’ the hull. Note also that it is an ‘added mass' per unir length that is
required.

Consider an infinitely long, circular cylinder moving along a perpendicular to its
axis in an infinite, incompressible, inviscid liquid which is at rest at infinity. Let the
velocity of the cylinder at any instant be U so that its kinetic energy per unit length
is dmU?. As the cylinder moves it causes particles of liquid to move out of its way
and round to its *rear’. The liquid thus acquires kinetic energy and the value of this
at any instant per unit length of cylinder is 4pmb2 /2, where p is the density of the
liquid and b is the radius of the cylinder [6]. The total kinetic energy of the cylinder
and liquid per unit length of cylinder is thus

im +o)u?

where a = mpb®, Note that & is equal to the mass of liquid displaced by unit length
of the cylinderand that, generally speaking, this is far from negligible. If an external
force f per unit length acts on the cylinder in the direction of U, then

d
ur= E(&mU’ +4al?)
so that
f=m+a)y,

assuming that there is no change in potential energy. The quantity m +a is the
‘virtual mass” and a is the ‘added mass’, both per unit length.

This result for a moving circular cylinder is central to any discussion of added
mass. Its derivation by consideration of kinetic energy is convenient but it may also
be found by the use of a time-dependent potential function [6, 25]. Being readily

amenable to analysis, the potential flow round an accelerating circular cylinder
provides a ient basis of parison, Let

added mass per unit length of other body
_ \in two-dimensional flow
added mass per unit length of circular cyljnder) :
having the appropriate ‘comparable’ size

For a ship floating at a free surface there will be two such coefficients: Cy for
vertical (i.e. symmetric) motion; and Cy for horizontal (i.e. antisymmetric) motion.
We are here concerned with Cy, and values of it were first found by Lewis using
conformal transformations [26].

Two features of Lewis’s coefficients Cy must be mentioned. First, the basis of
comparison used in defining Cy is that the radius of the cylinder is taken as half the
beam of the hull. Second, all of Lewis’s sections are vertical at the water line so that
the added mass of the totally immersed, non-ircular cylinder may be calculated. It
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is then assumed that the added mass of a cylinder (whether circular or not) whose
waterplane section bisects the cross section is half that of the same cylinder fully
immersed. A typical result is illustrated in Fig. 9.14; for the given shape, in which
bfd = 0.6, it is found that Cy = 1.20.

The quantities Cy are based entirely on two-dimensional potential flow. Both
the circular cylinder and the hull are assumed to be of infinite length. Some improve-
ment of accuracy is obtained by treating the flow as three-dimensional, though still
for potential flow. The values of Cy are accordingly multiplied by a factorJ (J < 1)
that is determined by the leng(h to—be:m ratio of the hull [15]. In reality, this three-
di ional flow is d by a steady flow along the cylinder axis, but its
effects are generally ignored.

T

Fig. 9.14

(b) Damping

One of the major uncertainties in the analysis of modal responses lies in the figures
assigned to damping. Except at low frequencies, associated with response in the
lowest two symmetric modes, damping occurs mostly in the hull, Beam theory
suggests that damping might be ascribed per unir length. The figure

b=0.03mw (9.95)

has been quoted empirically [21] and further information on damping can be found
in [12]. In Equation (9.95),

b = damping force/unit velocity/unit length
m = mass/unit length (including added mass)

w = driving frequency in radians per second.
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Such an approximation as this makes the calculation of steady response possible,
provided the excitation is specified and the hull-girder idealization remains tenable.

As is almost always the case, damping virtually defies estimation (and even
accurate measurement). It is known that damping levels differ markedly between
nominally similar vehicles, for instance. Moreover, even the vibration analyst’s trick
of associating a damping factor with each principal mode is not always helpful.
There is a fair degree of agreement on the following points, however:

(i) riveted vehicles are more heavily damped than welded ones;
(ii) ‘added damping’ is seldom great, except in the lowest two symmetric modes
for wtuch it is cruc:al.

(iii) d h freq and high modes are generally much more
heavily damped than low Unes (ﬂ.ldlough whether or not the hull can continue to be
regarded as a beam becomes questionable); and

(iv) more data are needed.

This side of structural dynamics is in a most unsatisfactory state.

9.7 Structural Dynamics of Ship Hulls in Antisymmetric Motion

“Torsion' and ‘bending’ are forms of behaviour that are associated with prismatic
bodies and they are individually observable phenomena only under certain special
cenditions. Pure bending occurs only if all loads acting on the beam pass through
the elastic axis (or locus of shear centres). Rarely, if ever, are those conditions likely
to prevail in a marine hull. In practice, therefore, torsion and bending are ‘coupled”
in antisymmetric vibration. Moreover, the nature of the coupling is made complica-
ted by the departure of the hull from a uniform prismatic form.

Coupled torsion and lateral bending may be examined by the same techniques as
those described above. Finite elements may be used, and the transfer matrix method
has also been applied in this context to ship hulls. In this way, principal modes and
natural frequencies may be obtained. By including structural and fluid damping, we
may find the response to forced sinusoidal excitation, either directly or by a modal
approach. But it has to be accepted that the theory is much more complicated and
can give rise to numerous levels of simplification. In order to illustrate what is
involved we shall now outline an approach which is, in effect, another home-grown
adaptation of that due to Myklestad [27].

9.7.1 Free Vibration

Let us first examine briefly an elementary theory of coupled bending and torsion.
Figure 9.15 shows a uniform beam (or rudimentary hull) in which the axis Ox is

¥
e Face 2; [Facel
v Z o x
Ax
Fig. 9.15
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associated with the axis of shear centres. It is assumed that the distances of K and C
from Qx are known, K being the keel and C the centre of mass of the cross section.
Consider an element of the beam that is isolated by the faces 1 and 2 as shown. A
static force gAx applied to the slice at the shear centre causes no rotation so that
the element is as shown in Fig. 9.16. (It is assumed that the transverse loading at all
points of the beam lies in the plane Oxz.) The bending moment M and shear force §
are given by the relations,

M, -My=SAx  or

Sy -8, =—qAx or

d’w

M=-El, o

where I, is the second moment of area of the section about the centroidal axis
parallel to Oy. Therefore

d'w

EI, L) (9.96)

If, instead of passing through the shear centre, the herizontal load gAx passes

through C — and we assume that this is true all along the beam — then the slice will

be rotated (as well as deflected) as illustrated in Fig. 9.17. There are now twisting

Fig. 9.16
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(b}

Fig. 9.17

moments T, and those applied to the element are given by

Ty - T3 =~gax)
whence, as Ax + 0,
dr
e e 9.97)
The quantity T'is related to the angle of rotation ¢ by a relationship of the form
_pde &%
T=K S K e (9.98)

in which K is the “torsional stiffness’ for uniform torsion and K is the ‘warping
stiffness’, In practical analysis — certainly with ship hulls — it is usually assumed,
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however, that the form

dg
T=K (9.99)

will suffice.
A simple theory of vibration is now obtained by assuming that the loading q is
in the nature of an inertia force, so that

al
q=—dp&7[w1‘c@) (9.100)
where Ap is the mass per unit length of beam, It is further assumed that, instead of
Equation (9.97), we may write
3¢
T\ = T2 = ~(g&x)c + (fppAx) n

or, in the limit Ax -+ 0,

aT ?%¢
oo theyT (9.101)
where Ip is the polar second moment of area about the centroidal axis. Equations
{9.96), (9.98), (9.100) and (9.101) now give a pair of simultaneous equations of
motion:

a*w 2w 3
By R=-4p 5T Apca—? (9.102)
a%e 3% 2?9 a’¢
Ko3-K 3= =gl a:’ +Apc’ e 3T (9.103)

These equations are examined in the literature, for ex:mple in [28].

Let us now see how a practical technique of analysis might be formulated for a
hull. We again start by imagining the hull cut into slices, as shown in Fig, 9.18, each
slice being supposed uniform. The mass of each slice is concentrated at its two
bounding ‘cuts’, as is its polar moment of inertia (/pp)Ax. Corresponding to
Fig. 9.17(b) we now have, at the rth cross sectional ‘cut’, the concentrated mass
m, and moment of inertia J, as indicated in Fig. 9.19.

Starting at the right-hand end, we can again work along the hull to the left-hand
end. In so doing the following notation is used:

wy = amplitude of deflection w,
= amplitude of slope, (dw/ax), = 6,

3

11

Fig. 9.18
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o~

1'

L f,,,,,,
[Jge=

|~,

Fig. 9.19

$ = amplitude of rotation ¢,

§, = amplitude of shearing force S,

M, = amplitude of bending moment M,

T: = amplitude of twisting moment T;.
Let us assume that Wy, 8y, ¢; may take any arbitrary (although as yet unspecified)
value and then consider the sinusoidal motion of the mass m; with arbitrary fre-
quency w (refer to Fig. 9.20(a)). Evidently

=161 = =Sy Py sin wr = Ty sin wr (9.1042)
My =0 (9.104b)
81 = —my (W) +e161)=myw® (W) +¢;dy)sin wor =5 sineor  (9.104c)

Thus, we can find Ty, i, (= 0), §; in terms of wy, 8y, #1.
To proceed to the next concentrated mass, m,, consider the system shown in
Fig. 9.20(b). Inspection shows that

By =0z +mS51 —HiMy (9.105a)
=wy +h10; +£15 - mM, (9.105b)
¢1=¢2+xaTh. (9.105¢)

Fig. 9.20

Google



484 [ Mechanics of Marine Vehicles

Here the flexibilities £, ny, & are the same as those defined previously (see Fig.
9.11) for pure bending. The fresh flexibility x; is for torsion and of the type sug-
gested by Equation (9.99). The estimation of flexibilities x may present some
difficulty in practice. Often, however, it is permissible to use the theory of torsion
of closed, thin-walled sec!ions; when this is so,

.106,
“wnb @100)
for the appropriate (rth) slice, where G is the shear modulus, A is the enclosed
cross sectional area, ¢ is the wall thickness and s is the distance round the wall.

Returning to Equations (9.105a, b, c) for the first slice we see that

83 =0; —mS; +5M, =(F; - m8y) sin ot = 5 sin wr (9.107a)
way =wy — 12 — E15y +mMy = (%) - 183 — £,.51) sin wr

=W sin wr (5.107b)
¢2=01 —x1T1 = (#1 - x2T1) sin wr = &, sin cor. (9.107¢c)

'_["husF , W2, $2 are found in terms of &y, W, @ and it is possible to find Ty, M3,
S3:

Ty =Ty + 126y = (Ty + 1307 &) sin wr = T sin cor (9.108a)
My = 4,8, = 4, sin wr = M sin wr (9.108b)
82=8) = ma(Wz +c2¢2) =13} +maw’(W; +c385)} sin cor

=5, sin wt (9.108¢)

We can then tumn our attention to the second slice to calculate 3, W3, ¢a, T3, M3,
S5 in that order.

Without going into detail it is possible to see that this process may be carried on
until 8,, Wn, @n, Tn, Mn, Sn are found. In theory a tabular calculation might be
performed, but in practice a computer would be essential. All of these six quantities
are found as linear algebraic functions of 8y, W, , ¢ . If the requirements

Tou=0=HM, (9.109)

say, are imposed, a suitable cross receptance between the two ends may be found.
Thus, suppose that the condition at the ath mass is

Tn= A8, + Bwy +Cy (9.110a)

M, =D, +EW, +£9, (9.110b)

5, =G0, + Hw, +]§, (9.110¢c)
where A, B, . .., T are known, The requirements in (9.109) permit us to find 8;
and w, in ten‘ns ofm (say). That is,

9, =3, (9.111a)

w =76 (9.1115)
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where X, ¥ are known. It follows that
5, =(GX +JAY +1)8, =28, (9.112)
say, The ratio ¢, /S, is the ‘cross receptance between rotation at the bow and trans-
verse displacement at the stern’. In other words, the quantity
5 _85,
Z==2 (9.113)
[T
(which is known for the given frequency w) gives the transverse shear force at the
stern per unit rotation at the bow. =
1f Z is plotted as a function of w it is found that for certain values of w, Z van-
ishes, so that a finite response is produced without excitation. These frequencies
are the natural frequencies of the hull in antisymmetric vibration. The corresponding
principal modes are found from the values 8, W, ¢ when w has the appropriate
natural frequency,
The above outline of a method to determine the free antisymmetric vibrations of
a hull obviously embodies many sweeping assumptions, and in most cases these
assumptions are capable of refinement or adaptation. But it is not our purpose to
examine them here in any detail.

(a) Added Mass in Antisymmetric Vibration

The values of m, and J, in the previous calculations are assumed, within the context
of this rather crude formulation, to include all for added mass and added
moment of inertia respectively.f (Note that the concept of an added moment of
inertia is [u]]y in accord W'lt.h Lagrangean theory since rotation, like displacement, is
rep d by a .) These contributions have been estimated
in the same manner as those referred to in Section 9.6.4(a). They are quoted in the
literature in the form of dimensionless coefficients of added mass — or moment of
inertia — per unit length.

It will be recalled that in two-dimensional potential flow round an accelerating
cylinder of radius b, the added mass per unit length is mpb?. Suppose that instead
of being fully immersed in an infinite fluid the cylinder lies on the surface with its
axis lying in the water-plane section, If the cylinder moves in a direction perpendicu-
lar to its axis but so that that axis remains in the water-plane section, it is reasonable
to assume that the added mass is §mpb?, A similar argument for two-dimensional
flow round a non-circular cylinder representing a section of the hull gives ayy, the
added mass per unit length in horizontal motion. The quantity ay is normally
quoted in non-dimensional form as

oH
Cu = i_pdi (9.114)

where d is the draught of the section.
The added moment of inertia per unit length of a circular cylinder rotating in an
inviscid fluid is zero. The added moment of inertiaJ’ of a hull is therefore compared

Once again, far more accurate techniques of analysis exist and are discussed in, for example,
pl

[15].
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arbitrarily with the quantity npd® . Thus
7
L " 9.115
Cr 7od® ( )
For actual values of Cyy and C the reader is referred to Chapter 4 of [21].

It is 2 matter of conjecture whether or not it is appropriate to concentrate the
masses m, in the calculations referred to above at the centres of mass of the sections
shown in Fig. 9.18 when m, contains an allowance for added mass. It must be
understood that the distance ¢’ from the shear centre to the point C, at which the
added mass is located is significant. Calculation of the position of Cy is dw:ussed in
[29] and vnlues for Lewis forms have been given in [30] from which ¢’ may be

d. The plete form of Equation (9.100) is, therefore,

2? 22 ,
g=—Ap 3 (w+ed) —an 37 (w +c'¢). (9.116)

Consequently, in the formulation we have given, the term m,c, implies Apc + ouc’
evaluated at the sectionr,

As with the coefficient Cy, corrections are made to Cy and Cy to allow for
three-dimensional effects of low from strip to strip, The effects of shallowness of
water (which tends to increase added masses) may also be allowed for on a semi-
empirical basis, or use may be made of complex numerical techniques for solving
three-dimensional potential flow problems (e.g. see [31]).

9.8 Marine Shafting Vibrations

In technology generally, rotating shafts are commonly subject to vibration of the
“dry land’ variety. The parasitic motion can usually be recognized as torsional, longi-
tudinal or flexural; that is, these motions are usually uncoupled. Moreover, except
in such specialized problems as the shortcircuit loading of generators (which causes
violent transient motion), the motions are usually sinusoidal. There is, of course,a
very extensive literature on shaft vibration [32].

All of these types of motion are encountered in marine craft and they often crop
up as ‘wet sea’ problems. The fact that the water may effectively modify the vibrat-
ing system can lead to coupling of the motions [33]. (As might be expected, a screw
propeller can cause some coupling of longitudinal and torsional vibrations.) It is
seldom found necessary to allow for this coupling in calculations, however, We shall
therefore discuss torsional, longitudinal and flexural vibration separately. It must be
borne in mind, then, that some reappraisal might be necessary on occasion because
of possible coupling. In any event, rather little needs to be said as far as the effects
of the water are concerned.

9.8.1 Torsional Vibration

The drive of a marine vehicle may be direct, geared or branched and the prime
mover may be a reciprocating engine or some sort of turbine, Torsional vibration
may be caused by:

(i) fluctuating gas torques and unbalanced inertia forces (in reciprocating engines),
(ii) operation of the propeller in a non-uniform wake,
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(iii) misaligned gears, and
(iv) partial emergence of a propeller in a rough sea.

There exist standard techniques of torsional vibration analysis which may be
employed in the study of this motion (e.g. see [34]) but certain features of marine
problems require special mention.

(a) The System

The torsional system under discussion must be idealized for the purposes of analysis
and there are well known methods of doing this. Now, however, it is necessary to
consider one or more propellers and necessary to consider how it (or they) can best
be represented. The general linear theory indicates that there must be an ‘added
moment of inertia’ term and a fluid damping effect.

The added moment of inertia is often taken empirically as some fraction of the
true moment of inertia. A crude approximation is simply to increase the latter by
25 per cent. Attempts have been made to calculate the added moment of inertia
and more refined corrections are made in the design of high-performance prapellers,
It is not normal, however, to allow for frequency dependence of the added moment
of inertia.

Damping at the propeller is a matter of considerable uncertainty (needless to
say). A common assumption is that the damping torque is b8, where 8 is the angular
departure from steady rotation and

_  steady average torque
2 x (rotational speed
measured in
revolutions per second)

There are many other assumptions available, however, and the literature should be
consulted in case of need [35].

(b) The Excitation

As already mentioned, there are two main sources of torsional vibration, namely,
the engine and the propeller. The means by which a reciprocating engine excites a
system are well known and will not be reviewed here (but see Chapter 5 of [36]).
All we need to note is that the exciting torque has the general form

RE[ Tnexpl(—ian) cxp[i.vxw.r)]
n=1

where T, is the amplitude of the nth torque harmonic, a, the phase of the nth
torque harmonic, and w = 2m x (rotational speed).

In order to examine the nature of the propeller torque fluctuations, let us return
to the crude theory introduced in Section 9.4.1. Figure 9.3(b) shows that the contri-
bution to the torque provided by the elementary lift force 8L, is

—8L,r sin fi.

Summing like contributions over the ¥ blades we find that the torque is

- N
8T, = —Re [z 3 Ceexplik(sir +0.)} ](r sin f)r.
k=0 n=1
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The summation over n may be performed readily because

ifk=AW(A=0,1,2..)

N N
;lexpll:}ﬂk(n—l)ﬂ\’hlo .

as may be seen by adding vectors in the Argand diagram. Hence,

ﬁTx=4R¢[N E C.exp(ikm)](rsmﬁ)ér

k=0,N,
2N, ...

- *RthCo + Y Cmexp(wvﬂl)](r sin G)or.

A=1

In other words, the steady torque has a fluctuating component with 1, 2,3,...,
times the blade frequency superimposed on it. This again is in line with what intuition
suggests.

g]gfeil is wished to ascertain the amplitude and phase of this propeller excitation it
would be necessary to evaluate the complex quantities Cyy and to integrate the
expression for 8T, with respect to r. The calculations are far from simple but some
success has been achieved in this type of endeavour (e.g. see [37]).

(¢) Principal Modes and Natural Frequencies
The Holzer technique of calculation is particularly well suited to the system now
under discussion, being easily adapted to geared and branched systems (e.g. see
[4]). The principal modes and natural frequencies may be calculated by the Holzer
method after the system has been idealized into a series of rigid discs and massless
shafis. An allowance for added moment of inertia must be included in the disc(s)
g the ller(s). All damping is ignored when the system is idealized
(al is requued by the deﬁnmnns of principal modes and natural frequencies).

(d) Sready Forced Vibration

In most practical analyses of steady forced vibration it is hoped that a knowledge of
the relevant principal modes and natural frequencies will suffice. A check is made
for coincid (or near coinci ) of the driving frequency and a natural fre-
quency. This may require that the system be detuned, although detuning may not
be necessary if the excitation is close to a node in the principal mode concerned or
if the damping is heavy. Unfortunately, torsional systems are seldom heavily damped.
Moreover, with the propellerinduced excitation applied at an extremity of the
system, modal excitations are likely to be high. Consequently, the practical problem
may well be to minimize vibration rather than to suppress it. Calculations of forced
vibration have therefore to be made.

Two methods of approach suggest themselves: (i) modal analysis, and (ii) direct
calculation using physical coordinates such as the rotations of the discs of a Holzer-
type system. Of these, the first is likely to be the more easily interpreted. (Note
particularly, however, that if the drive embodies a fluid coupling special care
is needed [38].) But it requires preliminary caleulation of principal modes and
natural frequencies and also requires that a level of damping be assigned to each
principal mode.
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The second type of calculation is likely to be the more easily made, although
here again the estimation of damping is difficult. The actual technique of calculation
for a system with n degrees of freedom effectively requires the solution of n simul-
taneous algebraic equations for a given driving frequency. A convenient way of
avoiding direct solution of the equations is to employ a modified version of Holzer's
method.

9.8.2 Longitudinal Vibration

Longitudinal vibration occurs in marine shafting largely as a consequence of propeller
excitation. (The motion is often thought to be coupled significantly to torsional
vibration but evidence on the point is sparse and, as mentioned already, allowance
is seldom made for it in calculations.) Longitudinal vibration does not often raise
problems in ‘dry land’ mechanical systems, partly because of a lack of excitation
and partly because the relevant natural frequencies are very high. In marine shafting
there is a significant source of excitation. Moreover, the shafting in question is often
sufficiently long for its lowest natural frequency to make low-order resonance a
possibility.

(a) The System

Unlike the system in torsion, which is necessarily free at its extremities, the present
one is nominally clamped at (or near) a thrust bearing. The idealization of this
bearing is in fact a matter requiring much thought. In terms of lumped parameters,
then, the system consists of a light shaft (which is restrained, or clamped, at some
point) to which masses are attached. Apart from the added mass and the fluid
damping at the propeller, the system is essentially of the “dry land’ sort.

The concentrated mass at the free end represents the propeller and its magnitude
is the actual mass of the propeller plus an ‘added mass’ to allow for the water. The
value of this latter contribution is usually assumed empirically to be of the order of
20 per cent of the actual mass of the propeller and to be ind dent of frequency.

The damping that is attributable to the water is also a matter of some uncertainty.

(b) The Excitation

Intuitively, the frequency of excitation would be expected to be the blade frequency
and integral multiples thereof. This is supported by the following argument. The
contribution to the axial force along Ox (see Fig. 9.3(b)) made by the slice of width
&r of the nth blade is 5L, cos . The NV blades together thus provide a contribution

- N
BFy = m[): 2= Crexpli(sr +ﬂ.)|]cosﬁ§r

k=0 n=1
to the thrust. It follows that

5F, =Re [NC.. +3 cmexp(iwm)]cow o7,
A=1

so the frequency is what we would expect. The amplitude of the excitation again
depends on the values of the complex constants Cy, and we have already mentioned
the difficulty of their evaluation.
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(<) Caleularions

In principle, the calculation of principal modes and natural frequencies of the
undamped system and of the forced response when the damping is included is
mathematically the same as that for the torsional system [4]. But, in practice, the
present calculations are likely to be the simpler because the system concerned is
usually without gearing or branches.

9.83 Flexurdl Vibration

Flexural vibration of marine shafting is not a frequent occurrence but it is not
impossible, and whirling has been reported in *wet sea’ systems such as a propeller
shaft between an A-bracket and the hull bearing (see Fig. 9.21). The same problem
may arise with the propeller shaft of a hydrofoil craft, which has to be long enough
to drive the craft when it is foil-borne. In practice, flexural vibration of this sort,
ariging from a slight initial bend or lack of balance, may be suppressed either by
balancing or by detuning. Of these two possibilities the latter is by far the better,
since the maintenance of a good balance may be difficult.

Long flexible
shatt

Fig. 9.21

Comparatively little has been mpormi on lh:s type of motion. It is likely, how-

ever, that it may be analysed by ing that added mass of
the water increases the mass per unit length of shah by about 12 per cent. Element-
ary di jons of this so hat specialized aspect of vibration analysis have been

given elsewhere [39, 40].

9.9 Conduding Note

This treatment of ship vibrations does no more than scratch the surface of the sub-
ject. It is the rule, rather than the exception, that idealization of the vibrating system
is difficult, and we have really concentrated only on excitation of very low frequency
in order to simplify this particular aspect as much as possible. Some vibration
problems, of considerable significance from the standpoint of military need, extend
wellup the frequency range to hundreds of kHz, Although it tends to become a little
easier with very high frequencies, analysis of vibration in the vitally important inter-
mediate range of, say, 15 Hz—10 kHz poses very difficult problems indeed. Far
from lying within the scope of an elementary textbook, these matters demand
attention from the most experienced dynamicists,

Appendix I: Th ical Basis of ient R Testing”
Suppose that a linear system has an excitation Qy(r) applied at its sth generalized
coordinate and that this produces a response g,{¢) at the rth generalized coordinate.
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Under certain modest restrictions the Fourier integral theorem states that Qy(r) may
be expressed in the form

1
=5, g Os{ew)explicor)dw an
where
0w S' Ouexplicon)dr. (A2)
Now the harmonic response at g, resulting from the excitation
Qy(ew)dew explicwr)
2

is, by the definition of a cross receptance,

s w)2s(w)dew explicor)
n .

The total response at ¢, is thus

1 (>
0023 |"_ e pmtionds *3
But according to the Fourier integral theorem
1
4y =52 V_ anwrexpinde. (Ad)
Therefore
gr(w)
apg(w) = S AS
(@)= 5 (A3)
where g (w), @{w) are the Fourier transforms of g,(t), Qs(r) respectively.
The various cross receptances oy, oz, . . . , corresponding to the one excitation

coordinate contain information about the shapes, frequencies and damping factors
of the principal modes. (It will be recalled that some conventional methods of
resonance testing entail the derivation of @, and then extraction of the required
data). Let us now consider whether or not an input Q.(¢) of known frequency con-
tent Qy(w) can be applied and the frequency content g.(w) of the response q.(r)
measured.

In theory, at least, this idea is attractive and, furthermore, it is simple for a system
with one degree of freedom g,. Thus suppose that 0, (r) is a unit impulse &(r)
applied at the instant r = 0. For this excitation @y (w) = 1 for all w and the response
q1(¢) is the unit impulse response

h(n) = exp(—vwy ) sim/(1 — v2 )t (A.6)

1
ma(1 - v*)
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where

v==_—; wi=k
2mea; " m

the system being that of Fig. 9.1. Hence

e ’ 1/m
« =\ h - [ 7. S
@)= [ HoexpCions = A
If oy (w) were obtained as a curve in the Argand diagram, w; and v could be
measured from it.

If, instead of one, there were in fact several degrees of freedom, then loci &y {w),
ayg(w), . . ., could be obtained by measuring the corresponding responses gy (¢),
qa(2), . . . , produced by the impulse Qy(r) = 8(r) and then finding their Fourier
transforms. The shapes, natural frequencies and levels of damping for the various
principal modes could then be found from the loci, The obvious way of finding
themn would be by the use of the Kennedy and Pancu method [41].

There are two major drawbacks, unfortunately, First, the responses g,{r) cannot
be measured for infinite time and so g,(w) cannot be computed accurately. (A
computer is essential in this type of work.) This is because g,(r) rapidly dies away
and so becomes lost and because, in any case, analysis time must be limited. The
errors that this implies have been examined in [42]. It is found that this particular
difficulty does not restrict the use of the technique.

The second drawback is that a true impulse function cannot be applied. It is
therefore necessary to use other functions J,(¢) and, hence, Q;(w). Suitable excita-
tions have been devised and used by White [43] who reports some success with the
method,

Appendix II: Some Math ical Results Used in the Theory of Propeller Excitation
The quantity
exp{ik(Sr +0,)}sin (2 +8,)
may be written in the form
exp(ikp)sin p = cos kp sin p +1i sin kp sin p
=4 {sin (k + 1)p — sin (k - 1)p}
+14i {cos (k — 1)p — cos (k + 1)p}
=i [explitk — Do} —expli(k + Dp}]. (A.8)

It follows that Equation (9.38) can be written in the form

= N
5F, =Re [; 2 o Culexplitk — 10 +0,)} — expfi(k + 1)Q +ﬂ,.)}1]s'm.a br
k=0 n=1
- N
= Re[ i ?:':, Ci[explitk — D} Y expliCk — 18}
= =

N
— expli(k + 1)} 3 :xpgi(kﬂ)e,,}]]smgar_ (A9)
n=1
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The two summations over n may be performed by inspection since

N ifk—1=N, where
A=0,1,2,... (A.10)
0 ifk—1#WW
{N ifk+1=M\V
0 ifk+1#MV.

"

N
3 explizn(k — 1n — 1IN}
n=1

(A.11)

N
3 explizn(k + 1)(n — 1)/N}
n=1

These results may be seen to be true by adding vectors in the Argand diagram. It
follows that the first of these sums is N if k =AN + 1, while the second is & if
k =MN — 1; otherwise both vanish, It is this result which is used in the text.
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10
Directional Stability and Control

10.1 Introduction

It is a matter of common experience that fluid-borne vehicles do not execute only
steady motions. In fact unsteady motion may be

(i) vol ily perfi d (as when ing or accelerating);

(ii) involuntary (as in response to waves or — perhaps more surprisingly — when
steady motion is simply not possible); and

(iii) semi-voluntary (as in the response of a ship’s hull to excitation by, say, a
rotating propeller).
Predictably, the problem of unsteady motion is a one.

Strictly speaking, we are concerned with the motion of a flexible vehicle moving
through a fluid. The motion is described through the variation of ‘coordinates’ and
these are of three distinct types:

(i) bodily displacements and changes of orientation measured by reference to
the overall steady motion (if any);

(ii) imposed deflections of control surfaces;

(iii) coordinates used to specify distortions of the vehicle.

It is desirable to set up equations governing all these types of coordinates and

bodying suitable di ‘inputs’. But such a formulation would be far too
complicated to be useful as equations with any claim to reality would be very
involved.

The present chapter is concerned with ‘Directional Stability and Control’ in the
sense that is discussed in the following section. The subject is enormous and our
purpose is only to introduce it. As far as conventional displacement ships and
submarines are concerned, more detailed presentations are to be found in the litera-
ture of naval architecture [1-3].

102 Unsteady Motions in Generw!

With certain reservations that will be mentioned later, progress can only be made on
the basis of linear theory. This means that a process of approximation is adopted in
which the differential equations of motion are expressed in a particular form. Now
there are grounds for suggesting that once it has been found — ifit can be found —
the linear form of the equations of motion will have additive solutions. This means
that the motion for ‘disturbance A" plus that for “disturbance B’ is the motion that
will be executed when disturbances A and B coexist. This strongly suggests that we
should study separately (i) manoeuvring in a flat calm, (ii) motion in a disturbed
sea, and (jii) structural vibration resulting from other sources. If necessary we can
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then add the motions, in the expectation that the results will bear some resemblance
to reality.

To s};.i.miled extent this approach has indeed been found to work adequately for
the separated sub-problems, although the proviso must be made that, generally
speaking, the departures from any steady reference motion (or from a state of rest)
must not be excessive. As to whether or not sensible answers can be obtained by
superposition, it is difficult to say with certainty. It is, in fact, an exaggeration to
suggest that all the usual conditions of a linear theory can be met, and indeed the
very basis of linearized dynamics of fluid-bome vehicles is by no means as firm as
one would wish.

The three problems of handling in a flat calm, motion in a disturbed sea, and
structural vibration from some other source sometimes occur singly. Thus the
manoeuvring of a deeply submerged submarine is essentially a problem of the first
type, the response of a ship to waves when it is not manoeuvring is of the second,
and the hull vibration of a deeply submerged submarine due to propeller excitation
in straight and level motion is of the third type. When this is so, one may not wish
to accept the limitation to small unsteady motions, and in this event the simplifica-
tions of linear theory will not be made,

When, in contrast, these three problems arise together and have to be separated
artificially for the purposes of analysis, a linear theory can be used. But once the
separation has been made, a nonlinear theory may nevertheless be employed. This
is not strictly logical and is really an empirical matter of judgement. Thus the three
types of analysis (which are commonly referred to, respectively, as ‘Directional
Stability and Control’, ‘Seakeeping’ and ‘Structural Dynamics') are usually investi-
gated with linear theory but may sometimes be tackled with nonlinear theory.
Generally speaking the nonlinear theory raises by far the more difficult mathematical
questions.

There is another type of simplification which must be considered. Three distinct
types of coordinates have been referred to, namely, (i) ‘rigid-body’ coordinates,
(ii) ‘imposed deflection’ di , and (iii) ‘distortional” coordinates. In the
study of directional stability and control of marine vehicles it is often possible to
disregard coordinates of type (iii) altogether. The justification for this is that distor-
tion of the vehicle is either so small or of such a form that the handling characteris-
tics are not seriously affected, However, this is not always true and, indeed, is
nonsense where a vehicle like a dracone is concerned.

In the same way, only coordinates of type (i) are employed in much analytical
work on involuntary transient motion. This, again, is not always justifiable and in
the aeronautical context, for instance, distortion of an airliner as it flies through
turbulent air is not only plainly visible but also profoundly important. Equally,
there are circumstances at sea in which one would wish to examine the effects of
distortion of vehicles moving in waves. This may well be the case for instance with
highly loaded hydrofoils, control surfaces such as stabili (which are elastically
supported) or with inflatable craft. But, commonly, the theory of seakeeping relates
to rigid ships.

By now it will be clear that we have entered a field of study that can become
extremely difficult. Even the necessity to explain what this subject of vehicle
dynamics covers raises problems. Arbitrary divisions have to be made somewhere
and, for the present purposes:

‘Directional Stability and Control® will relate to a rigid vehicle and coordinates
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of types (i) and (ii) only will be used; and
“Seakeeping” will refer to a rigid vehicle so that only coordinates of type (i) will
be employed.

All matters in which distortion is allowed for are encompassed by ‘Structural
Dynamics’, not that present knowledge can get us far in that particular direction
(as we saw in Chapter 9). Note that this is not entirely logical because it means that
some aspects of ‘Stability and Control’ and some of ‘Seakeeping’ — those in which
distortions matter — will not be referred to under the appropriate titles,

10.3 Axes Fixed to a Rigid Body

Consider a set of body axes fixed to a rigid vehicle as shown in Fig. 10.1. (For the
sake of definiteness a ship will be taken by way of example.) Let the origin of this
frame be the centre of mass of the vehicle, C. For some analyses these body axes
Cxyz have distinct advantages over the inertial frame OXYZ that is fixed to the
Earth.

Fig. 10.1
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For navigational purposes reference is made, in effect, to OXYZ. Thus in local
navigation C may be located relative to the Earth by means of coordinates on a
chart. But in describing motions of the vehicle it is almost instinctive to refer to
such terms as surge, drift (or sway), heave, and roll, pitch, yaw. These are motions
in which use of the body axes is implied, since the first three quantities refer to
translations along Cx, Cy, Cz respectively and the second three refer to rotations
about Cx, Cy, Cz respectively.

Using the axes shown in Fig. 10.1, we may specify the position of C by the
quantities Xc, ¥c, Zc where

Re =Xl + Yo +2cK. (10.1)

in which ff, i K are unit vectors in the directions OX, OY, OZ respectively. The
velodity of C is

Re=U=Ur+Vi+ Wk (10.2)
in wlﬁshf,fjnre unit vectors in the directions Cx, Cy, Cz respectively. The location
of a point within the ship may be specified as

r=xi+yj+zk, (10.3)

The equations of motion for the rigid vehicle contain the total external force F
and the moment about C of the external forces, G. In terms of the unit vectors
associated with the body axes, these will be written in the formf

F=Xi+Yj+2k (104)

G =K+ Mj + Nk, (10.5)
The vectors U, r, F, G have been specified in terms of 7, j, k, although they could

equally well be specified in terms of /, J, K. As has already been indicated, however,
the former specification is usually the more useful.

10.3.1 Posirion and Orientation of the Vehicle

The position of the vehicle can only be specified by reference to the axes OX¥Z
and the most obvious approach is to use the rectangular coordinates X¢, Y, Zc.
(Other possibilities, such as spherical and cylindrical coordinates, are of little prac-
tical interest here.)

The orientation of the vehicle can also be specified with respect to OXYZ, but
the method is less obvious. The usual approach (at least for ships and aircraft) is to
start with Cxyz parallel to OXYZ and bring the vehicle from this reference orienta-
tion to its actual one by:

(i) A ‘swing’ ¥ to the actual azimuth;
(ii) A ‘tilt’ @ to the actual elevation; and
(iii} A ‘heel’ ® to the actual orientation.
It is important to note that these rotations must be performed in this order. The
quantities ¥, ©, ¢ can now be used as the required ‘orientation coordinates’ and,

+ Note that in aeronautics the components of the moment are usually taken as L, M, N, whereas
the less elegant notation K, M, N, is common in marine technology [4].
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when used in this manner, are a modified form of ‘Euler’s Angles’. It should be noted
that unless these rotations are applied in an agreed order these coordinates are
ambiguous.

To sum up, then, the rigid vehicle may be located in space by

(i) three position coordinates X¢, ¥¢, Zc, and
(ii) three angular coordinates ¥, 8, @,

with the latter set only meaningful if the rotations in swing, tilt and heel are applied
in the agreed order.

(a) Variation of the Orientation
It has been pointed out that the order in which lhe rotations ¥, ©, & are applied is
important because it partially d the ing ori ion. It can also be
demonstrated easily that the orientation may not be speciﬁed in terms of vectors.
Consider for example the special case in which ¥, 8, ® are all equal to = in
radian measure and that, instead of a ship, we rotate a prayer book as in Fig. 10.2(a).
If we were (wrongly) to use a vector formulation of this process, we should arrive at
the spurious vector polygon shown in Fig. 10.2(b). Since the polygon has to be
closed, there is apparently a resultant rotation, whereas Fig. 10.2(a) shows that this
is not in fact so.

A [

1M

z z 2
x
Ve B=n @=7 (a
Not zero
b=x V=
O=x ib)

Fig. 10.2
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If the velocity components U, V, W are given, the coordinates X¢, ¥¢, Z¢ vary
in a manner that depends on the prevailing values of ¥, 8, &. Our purpose now is
to examine this dependence, bearing in mind that ¥, ©, & are not to be thought of
as components of a vector.

The velocity of C may be written as

U=U,iy + Vyf, + Wik, (10.6a)

with respect to the axes Cxy,z, which represent the initial orientation of the
axes Cxyz and are parallel to the axes OXYZ (see Fig. 10.3(a)). If the axes are

X

Y
z
0
¥ ¥4
0,
¥ z
Fig. 103
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rotated through an angle ¥ about the Cz, axis to the position Cxay,2; in
Fig. 10.3(a), the velocity of C may also be written in the form,

U=Usk, + Vajp + Waka (10.6b)
by reference to the axes Cr,y,z,. By inspection it can be seen that,

Uy cos¥ -—sin¥ 0][U;
Vi|=|sin¥ cos¥ 0|V,
W, 0 o 1)[w

or
U, = Ty (¥)U;. (10.72)

Next, the tilt angle @ must be applied by rotating Cxa¥22; to Crayzzz as
indicated in Fig. 10.3(b). The velocity of C may be written
U=Usis + Vajs + Waks.

It can be now seen that

U, cos® 0 ssin®|[U;
vl=10 1 o 2
Wy —sin® 0 cos® || Ws
or
U, = T(8)Us. (10.7b)

Finally the heel & must be applied, as in Fig. 10.3(c), so that Cx3y3z3 takes up
the actual position Cxyz. The velocity of Cis

U= UF+ Fj+ Wk.
Now by inspection it can be seen that
U, 1 0 0 U
V3|=10 cos® —sind ||V
W3 0 sind cos & W
or
Uy = Ta()U. (10.7¢)
The matrix U, is the same thing as
Re=Xcl+ ¥+ ZcR
so that
U, = |Xc, ¥e, Zcl.
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It follows that

ff =T (W)Uz = T3 (%) - To(E)Us = Ty (¥) - T2(8) - T(@)U
£ =TU (say) (10.8)
Zc

If the matrix product T is formed it is found that

—sin ¥ cos ¢ +sin ¥ sin ©
sinWcos®  sin ¥ sin O sin ¢ sin W sin 8 cos @ 4
+cos ¥ cos @ —cos ¥ sin ¢
cos O sin ¢ cos @cos P W
(10.9)
In principle, a knowledge of ¥, ©, &, U, ¥, W as functions of time will permit step-

by-step integration (with a computer). This yields X¢, ¥c, Z¢ and hence Rc as
functions of time.

l |:cns\llcuse cos W sin & sin ¢ cos ¥ sin 8 cos @ 78

(b) Angular Velocity Expressed in Terms of Modified Euler Angles

Even though finite rotations are not vector quantities, angular velocity is. (This is

demonstrated in elementary dynamics.) If we let the angular velocity of a vehicle be
Q=P+ Qf+ Rk (10.10)

then clearly the way in which the components P, 0, R vary with time depends on

the way in which ¥, 8, & vary with time. We shall now examine the relationship

that exists between the two sets of quantities P, g, R and ¥, 0, &,

By superimposing a suitable velocity of translation (in which £2 = 0) on a rigid
body, any chosen point of the body may be brought to rest without changing its
angular velocity. It is convenient to imagine point C fixed in this way so that only
the orientation of the frame Cxyz varies with time. This means that, as time goes on,
the frames Cxpy,z;, Cxayazs, Cxyz all rotate about C (while, of course, Cx; ;2
remains stationary and parallel to 0XYZ). To specify the orientation of Cxyz at any
instant it is necessary to ‘freeze’ the frames and measure the angles ¥, 8, ®.

Since angular velocity is a vector quantity we may add:

(i) Angular velocity of Cxyz relative to Cxay3z3 (= é?); 3

(ii) Angular velocity of Cxay3z3 relative to Cx2¥123 (= 63); and

(iii) Angular velocity of Cx;y,z, relative to Cx,y,2, (= Wk;),
where Cxyy 2, is fixed. Therefore,

2= &7 + 6y + ks (10.11)

and, in order to find expressions for P, @, R, we must express j3 and k5 in terms of
ij, k.

Let

Fa=ai+bj+ek
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so that

-

This is easily inverted because | T3 | = 1, whence

RS

Again, let
Ky =di+ef+fk

0 d
0 | =T8T (D) [ e ]

so that

1
Since | T; | = 1, this too is easily inverted to give

[ ] [sm(ﬂcose A
cos P cos ©

It follows that
0 =(® - U sin BF + (6 cos & + ¥ sin & cos O)f
+(¥ cos & cos @ — O sin D)k
=P+ Qi+ R (10.12)

The components P, O, R are thus expressed in terms of ¥, 8, ¢ and their deriva-
tives. The result may be put in matrix form and then inverted. This is found to
produce the result

& I sin®dtan® cosdtan®][P
el=|o0 cos & —sin & el (10.13)
i sin®sec® cosPsecH

At least in theory, then, the variation of the orientation coordinates can be traced
in terms of the angular velocities of roll, P, pitch, (2, and yaw, R.

103.2 Equarions of Motion
Let the velocity R¢ be written in the form
U= Ui+ Vi+ Wk, (10.14)

Google .



504 | Mechanics of Marine Vehicles
According to Newton’s laws, then,

du
F=m— .15
m & (10.15)

This is a general result that applies to a swarm of particles and, in particular, to the
rigid vehicle. It follows that

F=m£(UF+ Vi + k)

=m(UF + Vj + Wi) +m(UT + Vj + Wk). (10.16)
From elementary dynamics we know that, for a rigid body,
F=axi  f=Qxj k=Qxk

so that, using the convenient notation,

.U

+ VT We=—

DREITH W &t
we may write

sU . _

Fem e m{UE i) + HQ x]) + M x ). (10.17)
This equation of motion may thus be written

F=m%+mnxu. (10.18)

A second equation of motion refers to the moment of external forces about the
centre of mass C (i.e. to the vector G). Before examining it, however, consider the
moment of momentum vector A. For a swarm of particles (whose typical member is
the ith),

A=Y rxémby (10.19)
T
where 8m; is the mass of the typical particle. As Fig. 10.4 shows, it follows that

h= 3 r xbmAU +§)
[]

= (E&m,—n) xU+ Y rxbmfy
i i

the sum in parentheses vanishing because C is the centre of mass. The quantity r; is
a position vector of fixed length in a rigid body so that

F=Qxr
and therefore

h= emijr x (R xr)}. (10.20)
i
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Fig. 10.4

But r; represents the position of the ith particle with respect to the centre of mass C
which is the origin of the axes Cxyz. Accordingly, let

r= x4 yi ik
s0 that in the ‘determinantal form’ for a cross product

i J ok
Qxr={P Q0 R
X Y ou

If, now, 7y x (8 xry) is formed in this way, and the appropriate summation is per-
formed, it is found that

h= [PZ@? +2])om; - Q 3 xwibm; - R zxmm.-}?
i i i

+ {—PZIJ,-BM; +Q Z(xf +z})bm; - R Z)’;Z.Emf]f
i T T

+ [-P inzﬁm, -0 Z)’izf‘smi +R _E(-\’.'z +y.’)5m.'}l?

=hyi+hyj+hk (10.21)
say.

Some abbreviation is obviously desirable and it is usual to introduce the notion
of *products’ and ‘moments of inertia”. Thus the product of inertia

Iy =T xwidm (10.223)
i

or, ifitis preferred to think of the swarm of particles as being a continuous distribu-
tion of matter,

Ly= |'V ey AV (10.22b)
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where V is the volume of the rigid body and p is its density. Again

L=Y 0% +z)m  or L iyt +27)dV. (10.23)
i

The components of A can then be written in the convenient matrix form

hy I, Ly, I[P
bh=|hy |=|-r,, &, -n.|[Q]=12 (10.24)
e < )l
Note that the elements of I are all constants because we have adopted body axes
fixed in the rigid vehicle.
‘The moment equation of motion for a swarm of particles is

G=h. (10.25)
In the present context, this becomes

G= :—,(h,i+}.j+h,£)
or
&h
8t

This, then, is the second of the two vector equations of motion.

In applying the equations of motion to totally immersed vehicles it is necessary
to include the mass of fluid trapped in the vehicle with the mass of the vehicle
itself. In particular the mass of water trapped in the free-flooding spaces of a sub-
merged submarine contributes to the mass and moments of inertia of the boat. This
is because that water is constrained to perform the same motions as the boat.

(a) The Component Form of the General Equations of Motion

It is of practical value to express the vector equations of motion in component
form, It is also desirable to separate the gravity forces from fluid forces. Consider
first the force equation (10.18),

G=—+Qxh. (10.26)

U
F-m%;+mﬂ.xﬂ. (10.18)
If the symbols X, ¥, Z are reserved for the components of fluid forces, we have
F=Xi+Yj+Zk +mgk (10.27)

where K, it will be recalled, is a unit vector pointing vertically downwards. Since it
will be convenient to express F entirely in terms of the unit vectorsi, j, k, let

mgK = Fi + Fyj + F k. (10.28)

To find Fy, Fy, F; we shall trace the effects of applying successively the orienta-
tion angles ¥, ©, ¥ to bring the vehicle to its actual orientation. First apply the
swing ¥, so that Cx;yz; swings to Cx,¥,22. The components (Fx)z, (Fy)a, (Feh
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in the new directions are obviously 0, 0, mg respectively. These results may be found
by using appropriate scalar products. Thus, from Fig. 10.5(a),

(Fx)2 =mgky +1,=0 (10.29a)

(Fy)y =mgks +j2=0 (10.29b)

(Fi), =mgky - Ky =mg. (10.29¢)
0 X

{a)

¥
Z
X
L b
c o &
¥ ~
z ~—
~q
mg!
Y2, Y2 . )
L ow
o X
le)
v Fd
Fig. 10.5
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Next apply the angle of tilt ®, as in Fip. 10.5(b):
(Fx)s =mg§; i3
=mgk; * (cos i, —sin @ kz)

=-mgsin @ (10.30a)
(Fy)a =Ph‘x'fz P

=mgky * 3

=0 (10.30b)

(F2)s =mgks - k3 i
=mgk, * (sin @7, +cos Ok;)
=mg cos B. (10.30c)
Finally, apply the angle of heel ¢ to bring the vehicle to its actual orientation
(Fig. 10.5(c)):
Fy = {(Fe)ais + (Fe)aks} o
=(—mg sin B i3 + mg cos O k3) * 73
= —mgsin @ (10.31a)
F, =(-mgsinBi3 +mgcos@k3) - f
= (—mg sin ©7; + mg cos @ k3) * (cos P J3 +sin O k3)
=mg cos Bsin @ (10.31b)
F, =(—mg sin ®F3 + mg cos O k1) - k
=(—mg sin ©7; +mg cos O k3) * (—sin B +cos d k3)
=mg cos B cos P. (10.31c)
The results of Equations (10.29), (10.30) and (10.31) may now be collected to give
F=(X — mgsin OF + (Y +mg cos © sin Py
+(Z +mg cos © cos D)K. (10.32)
When written out entirely in terms of the unit vectors the force equation (10.18)
now becomes
(X — mg sin ©)F + (Y +mg cos 8 sin ®)f
+(Z +mg cos 8 cos D)k

i 7 ok
=m(Ur+ Vi+WR)+m|P Q R|. (1033)
v v ow
The scalar equations can now be separated out:
X —mgsin ® =m((/ + QW - RV) (10.34a)
Y + mgcos Osin® =m(V + RU - PW) (10.34b)
Z + mg cos @cos & =m(W + PV — QU). (10.34¢c)

= Google it
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These are the required force equations in surge, drift (or ‘sway’), and heave, respect-
ively.

Unlike the force vector F, G contains no contribution from the gravity force
because it represents a moment about the centre of mass C, that is about the centre
of gravity. To obtain the scalar equations from the vector equation, therefore, is
straightforward. The vector equation is, from Equation (10.26),

Ki+ Mj+Nk=hyt + hyf+ bk + Qxh (10.35)

where K, M, N are the components of the moment of the external fluid forces about
the centre of mass C. When expressed in terms of the products and moments of
inertia and split up into component form Equation (10.35) becomes

K=IP — 14y - I:R + (IR = IxP — I;, 0)Q
(1,0 - I,.R — I,:PR (10.362)

M= L P+1,0 - Iy:R + (1P - L1y 0 - I:R)R
~(I:R — InP - I;y Q)P (10.36b)

N=—dpb — Ly + 1R + (40 — IR - [,P)P
=P - IyQ — I R)Q. (10.36¢)

These are the required moment equations in roll, pitch and yaw.

10.3.3 Uses of rhe General Equarions

In deriving the set of six equations we have made no significant simplifying assump-
tions other than that the vehicle is rigid. It is therefore to be expected that the
equations are fundamental in the dynamics of ships, submarines, small (i e. relatively
stiff) aircraft, and so forth. Unfortunately, they are not at all easy to use in practical
investigations, because the quantities X, ¥, Z, K, M, NV are invariably difficult to
specify.

At the outset the origin of the body axes was placed at the centre of mass C,
which considerably simplifies the theory (by removing gravity contributions from
G, for example). It is sometimes possible, however, to simplify the fluid forces and
moments by placing the origin elsewhere in the vehiclet, so that advantage can be
taken of symmetry. When a different origin is used the equations of motion are
more complex than those we have derived. They are quoted for reference in the
Appendix (at the end of the chapter), but they do not have the same degree of
importance as the equations we have derived.

To return to the basic equations and to the practical difficulty of specifying X,
Y, Z, K, M, N, we should expect that certain simplifying techniques would be
employed. This is indeed the case. It is natural, for example, to separate out identi-
fiable contributions to X, ¥, Z, K, M, N. Notable among these contributions are
buoyancy effects, and the effects of control surfaces, which are usually treated
separately in the hope that serious error will not result. So difficult is it to specify

+ There are other reasons why a different choice of origin may be helpful, as we shall see,
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X, Y, Z, K, M, N in practice that one of two approximate approaches has to be
employed:

(i) either empirical expressions are usedf — and there is no complete agreement
as to what expressions are best — or
(ii) the theory is Tlinearized'.

104 ‘Linearized’ Equations of Motion

Generally speaking, the equations that have been found are too complicated for
practical use, and accordingly they are commonly simplified by a process of ‘linear-
ization’, that is, they are recast in a form that is linear in the mathematical sense.
The underlying idea is a common one in applied mathematics. It is then possible to
study small departures from a steady (or ‘reference’) motion, rather than the motion
in any more general form, as we did in a rather restricted way in Chapter 8.

Let us consider first the steady reference motion, which is normally taken as one
of translation. For a rigid aircraft or submarine this motion may well involve climb-
ing or descent but not a banking or sideways movement. Thus, a steady symmetric

f motion is plated in which

V=0; U=0; Q=0; #=0=V. (10.37)

Under these conditions the equations of motion reduce to
X -—mgsin8=0 (10.38a)
¥=0 (10.38b)
Z+mgcos@=0 (10.38¢c)
K=0=M=N (10.38d)

where the bars over the symbols mean ‘steady value’. The equations governing the
steady reference motion of an interface vehicle are simpler still. For if the body
axes are such that Cx, Cy are always parallel to the water surface during the steady
motion — strictly, the water surface at infinity — then

X=0=F (10.39a)
Z+mg=0 (10.39b)
K=0=M=N. (10.3%¢)

104.1 Theory of Smail Disturbances

In any real steady reference motion small disturbances will inevitably occur as a
result of small departures from the highly idealized conditions that are assumed to
prevail in the reference motion. It is necessary to enquire whether or not a small
departure from the reference motion will subside as time goes on, for if it grows it
will eventually mask the reference motion, or at least seriously modify it. It is
necessary to investigate the ‘stability’ of the reference motion and this will now be

+ For example, for expressions relating to violent manoeuvres of submarines; see [5].
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done in a more rigorous manner than that presented in Section 8.4.1. We must first
examine the behaviour of small disturbances: if they subside, the reference motion
is stable; if they grow, the reference motion is unstable and a parasitic motion will
become more and more apparent. This parasitic motion may be undirectional or
oscillatory. Examination of the behaviour of small disturbances is a main use of the
linear theory.

A second use of the linear theory is rather more obvious. The theory relates to
small departures from a steady reference motion and it can therefore be expected
to apply to handling characteristics, provided that violent manoeuvres are excluded.
This is the basis of the linear theory of directional control. As we shall discover, the
theories of directional stability and of control are not to be considered as being
independent of each other, however. They are, in fact, closely allied subjects.

In our discussion of small departures from a steady reference motion we shall
have to consider:

(i) components of fluid force
X+ax, Y+ay, Z+az

(ii) components of the moment of fluid force about C
K+AK, M+AM, N+aN.

If the steady reference motion is

U= 0+ Wk (10.40a)

=0 (10.40b)
then disturbed motion will be of the form

U= (T +ui +vf+(W+wik (10.41a)

Q=pi+qi+rk. (10.41b)

Not only must we admit small departures from the reference motion, but also

(i) small displacements from the position that would be occupied at any given
instant in the reference motion, and

(ii) small angles of departure from the orientation in the reference motion (which
we denote by ¢, 8, ¢).

(Although the small displacements from the ‘steady-motion position’ do not appear
explicitly in the equations of motion, they may radically affect the fluid forces and
moments.)
The disturbed motion must satisfy the six basic equations of motion (10.34a, b, c)
and (10.36a, b, c):
X +AX — mg sin (B +0) =mlic +q(W +w) —rv}
¥+ AY +mgcos (B +8) sin ¢ =m|i +r(T +u) —p(W+w)}

Z+AZ +mgcos(B+8)cosg=miw+py - q(l +u)}
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and
K+8K=Iyp — Tyl — Ixgf + oy - Laxp — Izy@)a
—Uyq = Ier = Iap)r
M+ AM =L p 414 — Lot + (Uup — Lepq — LtV
"(Izl' —Ixp — ’:yq»’
N+ AN = —Ipyp — Lyg + 17 + (Iyq — Tyer - Iep)p
= Uxp — Ixyq — Ixzr)q.

It will save time henceforth to take account of the symmetry that is usual in
fluid-borne vehicles. If Cxz is a fore-and-aft plane of symmetry, then

Ly =0=ly =y =Fsy.

If these simplifications are made in the above eq and if, , all prod
of small perturbations are discarded from those equations, we find

X+ AX — mgsin & — mg 0 cos 8= m(iz +qW) (10.42a)

F+AY +mg ¢ cos®=m(i +r - pi) (10.42b)

Z+AZ +mgcos® — mg sin®=m(w — ql) (10.42¢c)
and

K+AK =1.p - I,¢ (10.43a)

M+aM=14 (10.43b)

N+AN =L# - I.p. (10.43¢c)

Substitution for X, ¥, Z, K, M, N from Equations (10.38) into Equations (10.42)
and (10.43) yields

AX — mg 8 cos B = m(t + qW) (10.44a)

AY +mg ¢ cos B =m(y +rl - pW) (10.44b)

AZ — mg 0 sin @ =m(w — ql) (10.44c)
and

AK=1p — Lf (10.45a)

AM=1,4 (10.45b)

AN =1,# = I.p. (10.45¢)

This set of six equations governs the small parasitic motions of a symmetric vehicle
(such as a rigid aircraft or submarine) whose steady symmetric reference motion
can involve climbing or descent. Owing to the way in which these equations have
been derived, any mathematical expressions which may be developed for AX, AY,
AZ, AK, AM, AN must also be restricted to linear forms and the products of small
perturbations neglected.
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A rigid, symmetric displacement ship will have slightly simpler equations because

wW=0=6 (10.46)
and so

AX —mg 8 =mu (10.47a)

AY +mg ¢ =m(p +r) (10.47b)

AZ = m(w — ql) (10.47¢)
along with Equations (10.45) which remain unchanged.
104.2 8 and ic Disturb from a Steady Symmetric
Reference Motion

Suppose a small symmetric departure takes place from the reference motion. During
the course of it

x, u, z, w, 0, ¢ and their higher derivatives with respect to time will in general be
nonzero,
¥, ¥ ¢ p, ¥, r and their higher derivatives with respect to time will all be zero.

(Here, x, y, z are displacements of the body in the Cx, Cy, Cz directions respectively.)
In view of the symmetry of the body, the components AY, AK, AN will all remain
zero. This can be seen from physical considerations. (If in difficulty here, the reader
should examine the directions in which these increments would act.)

Inspection of the math ical form of E ions (10.44) and E ions (10.45)
teveals that three of these equations remain identically zero. There are thus three
equations governing the symmetric disturbance, namely

AX - mg 8 cos B =m(t +qW) (10.44a)
AZ — mg 8§ sin 8 = m(w - qU) (10.44c)
aM =4 (10.45b)

Consider next a small antisymmetric departure from the symmetric reference
motion. During the course of it

¥, v, ¢, p, ¥, rand their higher derivatives with respect to time will in general be
nonzero,
x, u, 2, w, 0, g and their higher derivatives with respect to time will all be zero.

Although physical reasoning does not suggest that AX, AZ, AM will all be zero, it
does indicate that they will be very small, To illustrate this, suppose that the dis-
turbance is one of pure drift » and that the vehicle is as shown in Fig. 10.6. This
disturbance would probably produce a negative force AX, but a negative value of v
would then also produce a negative force AX of the same magnitude. Certainly, if
AX depends on the instantaneous value of v in a well behaved manner, a small value
of v must produce a very small magnitude for AX (see Fig. 10.6(b)).

If AX, AZ, AM can be neglected during an antisymmetric disturbance, then three
of the six equations of motion are identically zero. We thus have as the equations
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U
x Ax

1]
’ ’ /J\ ’

Fig. 10.6
governing the disturbance,
AY +mg pcos B =m(y +rl - p) (10.44b)
AK =Ip — It (10.453)
AN =I# — I p. (10.45¢c)

Once again, some simplification can be made where interface vehicles are con-

cerned and as before,
W=0=8.

Finally, suppose that the vehicle is given a small arbitrary disturbance from the
symmetric reference motion so that Equations (10.44) and Equations (10.45) are
relevant, Moreover, it must be recalled that any mathematical representation of the
small increments, AX, AY, AZ, AK, AM, AN in these equations must be restricted
to appropriate linear forms. In these circumstances the symmetry of the ship with
respect to the Cxz plane will result in the six equations of motion being uncoupled
into two independent sets of three linear simultaneous equations, namely, Equations
(10.44a), (10.44c) and (10.45b) for a symmetric disturbance and Equations (10.44b),
(10.45a) and (10.45¢) for an antisymmetric disturbance.

An element of caution should be introduced at this stage. The simplifications
developed in this section really depend upon the fluid flow relative to the vehicle
having certain properties of symmetry relative to the plane Cxz. The corresponding
symmetry of the vehicle itself is, of course, a necessary requirement for the flow
1o exhibit the desired characteristics, but it is not sufficient. Thus the flow around a
symmetric body, such as a circular cylinder, may exhibit a non-symmetric wake.
Moreover, the presence of a propeller (or propellers) at the stern of the ship may
distort the symmetry of the flow around the ship’s hull. In addition, if the flow
displays the ‘memory’ effects which are introduced in Section 10.4.3(c), then the
implications of symmetry may require further examination, at least if the disturb-
ances are not small,
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10,43 Narure of rhe Deviations AX, . .. , AN for a Totally Immersed Vehicle

By referring at this stage to a totally immersed vehicle such as a deep-running
torpedo, a submarine or an aircraft, we can postpone discussion of the effects
associated with a surface, (Surface effects will be examined later, as they raise some
complicated points.) We shall consider the component A¥J by way of example.
This component will be a function of the instantaneous perturbed motion, the
previous motion of the vehicle and constant factors, such as the hull geometry and
trim. Since it is agreed that in many instances the small perturbation A¥F will be
independent of all the small symmetric dnturhannes it must be possible to express
AY in the formt

AY = function (¢, », p, r, ¥, P, F: previous values of these variables: ¢: o w §)A
(10.48)

One of the main problems in ship dynamics arises from the need to reduce
expressions like this to a mathematical form which is both simple and a reasonable
approximation to reality. Several techniques are available for this purpose. The
conventional method, which has been used for many years, is to express increments
like AY in terms of the instantaneous motion of the vehicle by means of ‘slow
motion derivatives’. More recently an alternative npproach using oscillatory coeffici-
ents has been deve!nped wluch is more appmpmte in some applications. Finally, a
more ploying a form of impulse response function has
been pmpos:r] We shall discuss the more conventional approaches first, although
the presentation will be more general than usual, and then describe briefly the
fundamentals of the impulse response function technique,

Consider the variation of, say, the drift velocity v with time. If the variation is
sufficiently well behaved then

V(I-T)=V(r)—rﬁ(l)+—v(i) o V(r)h-- . (10.49)
This expansion is only strictly valid if Lagranz! s form of the remainder, that is
1| d"
=(-1"=|—=
" a! r=t—rf
in the range 0 <8 < 1 is such that
lim [R,1=0.
n=-

Such a condition is certainly satisfied [6] by a disturbance of the form
=¥, exp(ur) sin (ot +e).

Similar observations may be made in respect of ¢ and r. This merely means that
these parameters (¢, v, r) can be expanded in a Taylor series. Provided that we may
express ¢, ¥, p, r, ¥, P, } in terms of Taylor series in this way, therefore, we may

1 Note that AY does not depend on any small displacement but that it does depend on the
small angle of heel ¢, through the buoyancy force,
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write
AY = function (¢, v, p,r, %, B, LV, B, 7, ¥, ... ;1) (10.50)
Here, ‘the previous values of ¢, v, p, r, ¥, p, ¥’ are determined by the higher instan-
taneous derivatives ¥, B, ¥, ¥, . .. . The functional form function ( ) is partly deter-
mined by U, W, 8 and the other constant parameters.
If AY can be expressed as a function in this way, and if that function is a reason-

ably well behaved one, it may also be expressed in the form of a Taylor series. To
the first order, therefore,

AY=Y°¢+Y,p+Yép+Y5ﬁ+,,A
+Yp+Yp+ i+, ..

+Yr+YF+Yir+, .
+¥(r) (10.51)
where, for example,
AY
== (10.52)
Ll steady reference motion

Similar series representations may be found for AX, AZ, AK, AM and AN in terms
of the appropriate motion parameters, Even so, infinite series are not convenient
and further simplification is necessary. This may take one of two forms, introducing
(i) slow motion derivatives, and (ii) oscillatory coefficients.

(a) Slow Motion Derivatives

It will be convenient to continue referring to AY by way of example. The easiest
and most common method of simplifying the infinite series representation is simply
to curtail it, Thus we write

AY=Yyp+ Y+ Ypp+ Yr+ Yip + Ypp + ¥ i+ Y(2) (10.53)

where ¥y, ¥, ..., Y; are called ‘slow motion derivatives’.

A proper mathematical justification for this curtailment is not straightforward.
Roughly, however, it requires that the departure from the reference motion shall be
‘slow’. This suggests that the approximation is acceptable if

vl [ 1#] L

e B Do » =

PrEryrTT U

where L,v‘ﬁ is the time taken to travel one length of the vehicle during the initial
steady motion. The approach is useful because, at a stability boundary, departure
from the reference motion JF + Wk is often infinitely slow,

Generally speaking, calculation of the constants Y, ¥, . . . is in most cases
rather primitive and anything approaching accurate theory is exceedingly complica-
ted, No doubt computer techniques will gradually make numerical methods available,
but at present reliance has to be placed on measurement by means of model tests.

It is now possible to write the equations of motion for a totally immersed vehicle.
For a symmetric disturbance from a steady straight and level reference motion (in
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which W =0=8),
(Xt + Xyt + X 4 Xoow + Xgg + Xoq + Xg0)

— mgh =i - X(1) (10.54a)
(Zath 4 Zyut 4 2o + 2w + Zyd + Zgq + Z0)
=m(w — q0) — Z(f) (10.54b)
(Mgth + Myt 4 My + Moyw + My + Moq + My8)
=14 - M(r). (10.54¢)

For an antisymmetric disturbance from a steady straight and level reference motion
(in which W = 0 =8),

(Y +Yw +Ypp+Ypp+Yed + Y,r 4 Y,r)

+mgo=m@ +r0) - Y(1) (10.55a)
(K +Kop + Kpp + Kpp + Ko + K& + Kpr)

=1p -1t - K(1) (10.55b)
(N3P + Nop +Npp + Npp + Nt + Nor)

=1t - TP - N(D). (10.55¢)

(Note that there is no Ny¢ term in the last equation.)

These, then, are the equations we seek. They are linear, simultaneous, ordinary
differential equations of the second order, with constant coefficients.

It is often assumed that the hydrostatic components of AX, AY, ..., AN are
unchanged in the reference motion from their values when I/ = 0. In the equations
for symmetric disturbances, then,

Xg=mg;, Zy=0;, My=-mgh (10.56)
where h =BC, the height of the centre of buoyancy above the centre of mass.
Similarly in the equations for antisymmetric disturbances

Yo=-mg, Kgo=-mgh. (10.57)

It should be noted that these values of the *hydrostatic derivatives’ obtain only for
a neutrally buoyant vehicle.

(b) Oscillatory Coefficients
We shall still consider the deviation AY for a totally immersed vehicle by way of
example. Suppose that, by some means, a sinusoidal displacement of drift}

Y=Y sinwt

is superimposed on the steady reference motion, In practice, of course, this is only
possible with models. The expression for AY is

AY =Y+ Y@+ Y+ .. +¥() (10.58)

1 It should be noted that this is one of the unsteady motions for which the Taylor series expan-
sion for ¥(t — 7) is certainly valid.
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where ¥(r) must be such as to produce this sinusoidal displacement (or, rather, to
help to produce it). Equation (10.58) becomes

AY = (Y, —w’ Y5 +... {Vow cOSs wr)
+(¥y - W ¥y +.. . N—pow® sinwr) + Y(1)
=¥+ P+ Y0 (10.59)

say. -

In this expression for the sinusoidally varying AY, ¥, is a sinusoidal fluid force
that is in quadrature with the imposed displacement y, and ¥, is a sinusoidal fluid
force that is in phase (or anti-phase) with y.

Similar arguments to these hold good if a sinusoidal roll or yaw is applied to a
model. But if a sinusoidal roll is imposed, there will be no term ¥, because it is
impossible to distinguish between ¥, and ¥, both being in phase with the roll,

The usefulness of these ‘oscillatory coefficients” arises because although ¥, is
frequency-dependent (as may be shown by model testing),

lim 7,=7,,

w0
and this suggests a way of measuring slow motion derivatives by means of model
tests. The technique involves use of the ‘planar motion mechanism’ as will be
explained in Section 10.5.2. Indeed, oscillatory coefficients provide a better inter-
pretation of these tests than slow motion derivatives.

Oscillatory coefficients may also prove useful in their own right, because at the
boundary of an oscillatory instability the unsteady motion is sinusoidal (e.g. the
flutter of an aircraft wing).

(c) Impulse response functions

The principal deficiency in slow motion derivative theory probably lies in the
neglect of fluid ‘memory’ or time history effects. Hydrodynamic forces and moments
can be shown to depend significantly on the previous unsteady motion of the ship.
A simple example will illustrate this aspect. If a fully immersed hydrofoil is moving
through the water at a steady speed and constant angle of incidence, then the lift
force generated by the foil is constant and proportional to the angle of incidence,
provided that the latter is not greater than the stall value. If the incidence of the
foil is sufficiently changed, then eventually the lift force on the foil attains a new
steady-state value proportional to the new angle of incidence. For a perceptible
time after the change in incidence, however, the lift force on the foil is still adjusting
to the change and in this period the lift force is not proportional to the instantaneous
angle ofincidence. This phenomenon is the well known Wagner effect of aeronautics.

Time history or ‘memory” effects are known to arise from surface waves and from
vortex shedding. Although they are ignored in the slow motion derivative approach,
they may be of considerable importance in many problems of unsteady ship dyn-
amics.

An alternative approach has been proposed [7] in which the effects of the previous
motion of the vehicle are more comprehensively represented in AY than is possible
with slow motion derivatives. Increments in hydrodynamic loading, such as AY,
can be expressed in the form of Volterra series, which in the linear form appropriate
to the present discussion reduce to Duhamel (or convolution) integrals.
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Consider, for example, the increment in the sway force produced by a disturbance
in sway, This can be expressed to the first order as

ax{pn}= 5 Yu(r)v(r - r)dr (10.60)
where y () is the variation in AY produced by a ‘unit impulse’ in v at =0 (see
Fig. 10.7); y,(7) is thus le to an impulse resp function. In addition,

yu(r)=0, <0 (10.61a)

vit-1)=0, >t (10.61b)

Thus, although the convolution integral for AY is apparently to be evaluated over
the range —oo < 1 < oo it is actually determined for the range 0 < 7 <r. That is, the
unsteady motion is assumed to commence at time ¢ = 0 and AY is determined at
time ¢, Moreover, the values of ¥(t") at time +' > ¢ cannot influence AY at time r. It
should be observed that, insofar as the convolution integral admits all values of v(r)
in the range 0 < 7 < 1, it automatically includes the effect of sway acceleration ¥(r),
that is variations in »(f), in producing a contribution to AY.

vit)

1] t=r [3 Time interval

For a vessel in which Cxz is a plane of symmetry, therefore, the total sway force
can be written, to the first order, in the form

arbio. .60 = | st nars [ s -nar

+ s Po(r) 9t — 7)dr (10.62)

where y.(r) and yg(r) are impulse response functions which relate respectively to
disturbances in yaw and roll. In a similar manner integral expressions can be formu-
lated for AK and AN in terms of the appropriate response functions, as far as anti-
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symmetric motion is concerned. For example,
AN = S n{r)v(r — 1) dr +S n,(r)rt — 1)y dr

+ r np(t)p(t - 1) dr (10.63)

where ny(r), n,(r) and np(r)t are the relevant impulse response functions.

These response functions are of fundamental importance in ship dynamics.
Although they are difficult to measure directly with any accuracy, their Fourier
transforms can be determined from models by oscillatory testing (see Section
10.5.2). A full di of the properties and applications of the response functions
is beyond our scope here but a few of their characteristics will next be examined
briefly.

Let ¥, (w) be the Fourier transform of y,(t), so that

Yw)= i Yu(r)exp(—iwr) dr (10.64a)

»ulr) = i S-:_ Y, (w) expliwr) dw (10.64b)

where, of course, y,(7) must be mathematically well behaved to ensure the existence
of ¥(w). To illustrate the physical signifi of Yy(w), ider a sinusoidal sway
motion of the vehicle executed about a steady reference motion, such that

¥ = Yo sin wr

¥ = Yolo COS Wi = Vg COS Wi
The associated increment of sway force can be written as

AY v} = \:. Yulr)vocos w(t — 1) dr

=AYy sin wr + A¥Quap cos wrf

where

AYIN = Vo S Yy(7) sin ot dr
AYquap =¥o E Y(r) cos wr dr.

1 It should be noted that p and not ¢ is used here as the basic variable in roll, as a fully sub-
merged vehicle experiences no yaw moment due to roll angle.
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Moreover, the Fourier transform ¥,(w) can be rewritten as

o

Yow)= r Yu(r)cos wrdr—i s Yu(r) sin cor dr

= YR () +i¥IM(w)

where
YRew) = S Yu(1) cos wr dr
3ol (w)= S Yu(7) sin wr dr.
Thus
yie(w) = 2Touan
Yo
AY,
rey=-=8
°
and

AY =v,{ ¥R®(w) cos wr — ¥i™(w) sin corl
= Re[Y(w)yoexpliwn)]. (10.65)

It follows that ¥,(w) is the sway force per unit amplitude of voexp(icor) and it is a
complex quantity, since AY is not in phase with »(r). In vibration terminology
¥, (w) is an inverse receptance.

Comparison with Slow Motion Derivatives. It is not easy to establish a general
relationship between slow motion derivatives and impulse response functions. For
purposes of illustration we will continue to consider a sway disturbance, and by
restricting our attention to cases for which (¢ — 7) can be expanded in a Taylor
series (see Section 10.4.3) we shall be able to make some progress. In these circum-
stances the convolution integral for AY can be expanded in the form

oo f2 73 )
AY = S__ y.,(r)lv(r) — () + 3 ) — 3 v+, l dr

=v(t) S‘ Yolr)dr —9(1) { () dr

+ {"g—f) [ neyer - o [_rnmrs... } (10.66)

The slow motion approximation is equivalent to neglecting all but the first and
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second terms in the above expression and writing

Y, = S- yy(r)dr (10.67a)

o
Yi= _S Tydr) dr (10.67b)
—
These expressions for ¥y, and ¥ can be evaluated by noting that

(— yulr)dr= lim S- Yu(r) coswrdr = lim l’l'.h(u) =Y, (0)
U w0 J_es w0

S:. Tyu(r) dr = .,,]jf.na E_ Tyu(T) sinmm dr= lim [— __Y'f'ﬁ(,w)]

w=+0
=_Y;(0) (10.68a, b)

where ¥,(0) and Y;(0)is a convenient notation. Moreover, experiments with models
indicate that the limits ¥,(0) and ¥;(0) are finite. Thus the slow motion approxi-
mation is equivalent to neglecting the terms in ¥¥(¢), ¥(s), . . . in Equation (10.66)
for AY and writing

Y, =Y (0); (10.69a)
¥ = Yo(0). (10.69b)

Comparison with Oscillatory Coefficients. Once again, for sinusoidal unsteady
motions it is possible to expand motion variables such as

w1 — 1) =¥, cos wit — 1)
in a Taylor series. Consequently, AY can be expressed in the form
2 re 4re
w
AY = {Y,,[U) —‘;—! L_ iy (r)dr + FS_- ) dr —. .. ] vy cos I

2 foa 4 ro
+ {Y.-,(OJ " % 5__ Py (r)dr+ % PRGN \ (—voww sin wi).

(10.70)
This result is equivalent to that derived in terms of oscillatory coefficients, namely,
AY =Y + ¥ (10.71)

if we define

2 rw CC
% w w
¥, = Yu(0) VFE rny.,('r) dr !-Tr j R T‘yv('r} dr...

2 Foe 4 ron
- ) w
¥y =¥il0) - 37 S yr)dr+ 31 SA_ Py dr...
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Apart from establishing expressions for the oscillatory coefficients ¥, and ¥; in
terms of the appropriate impulse response function, these results serve an additional
purpose. We have deduced in Section 10.4.3(b) that

lim ¥,=Y,; lim #,=7;

w=0 w=+0
where Y, ¥; are the corresponding slow motion derivatives. There was the possibil-
ity of some confusion in that ¥, Yy, Y5, Y5, . . . might have been functions of
frequency, when measured from oscillatory model testing. Now, however, the
impulse response function y,(r) and also ¥,(0) and ¥;(0) are clearly independent
of frequency, so that the limits

lim ¥,=7Y,(0)=Y,; lim ¥;=Yu(0)=Y;
w0 w0
can be established in a more satisfactory manner.
It is also to be noted that, since
AY = Fy(—vouw sin wr) + Fy(vg cos i),
it follows that

veP@s e Til@

which can also be subjected to the above limiting process (w —+0),

(d) Matrix Form of the Equations of Motion of a Totally Immersed Body
Equations (10.54) relate to symmetric and Equations (10.55) relate to antisym-
metric departures from a steady, symmetric, straight and level reference motion of
a totally immersed vehicle. Inspection reveals that they are of a type that can con-
veniently be put into a matrix form, This is

Af + B4 +Cq = Q(r) (10.72)
where q must not be mistaken for g.
For symmetric disturbances,

m-X; -Xu -Xa
A=| -Zg m-2Zy -Zy
My -Ma L-M;
X, X, X,
B=|-Z, -Z, -(m0+Z,)
|- Mo M,
0 0 mg-Xx3] —— 00 0
for a deeply
c=1|0 o0 ~Zg | submerged [0 O O
000 My braine lo 0 men
buoyancy
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X(1) Judt
U)=12 | q= jwdt] [z .
]

M(1)
For antisymmetric disturbances,
m-Y;, -Y -Y;

A=| K, L -Kp ~e +Kp)
=Ny ‘(’xa *‘Nb) I - N;

-Y, -Y, mi-Y,

B= |-K, -K, —K;
-Ny  =Np —N,
0 —(mg+Y¥y) 0] ——— [0 0 O
for a deeply
c=|0 —K, 0| submerged |0 mgh 0
i
0 0 0 Mithmewna L0 0 O
buoyancy
¥Y(r) [vdt ¥
A= K@D q=| ¢ |=|¢
N(r) v v

It should be noted that in formulating the two column matrices q, we have
deduced from Section 10.3.1(b) that for small parameters ¢, 8, ,

p=¢, a=6, r=¢ (10.73)
if the reference motion is symmetric and level.
In these two sets of matrices, slow motion derivatives have been used. The equa-

tions can also be expressed in matrix form in terms of oscillatory coefficients,
although the structure of some of the matrices will be somewhat different.f

10.4.4 Narure of the Deviations AX, . . . , AN for an Inverface Vehicle
We now return to a question that was previously avoided. We have seen that the
force and moment deviations depend on
(i) a number of constant parameters, such as
the postulated reference motion
the shape of the vehicle
the properties of the fluid supporting the vehicle,

+ It has been shown that, by employing Fourier transforms, a matrix formulation can be devel-
oped in conjunction with impulse response functions [8].
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(ii) the position of the centre of mass C with respect to the position it would
occupy if the vehicle did not depart from the reference motion,

(iii) the orientation of the vehicle with respect to its orientation in the reference
maotion,

(iv) the instantaneous motion,

(v) the history of the instantaneous motion.

Provision has been made for all of these except (ii) by limiting our discussion to
totally immersed vehicles.

With surface vehicles, and conventional ships in particular, the dependence (ii) is
fundamentally important, To examine it, it is helpful to introduce the concept of
the “equilibrium vehicle” which does not depart from the reference motion

U=0r
2=0.

(Note that we need not consider nonzero W or ® with interface vehicles.) If body
axes C*x*y*z* are attached to the equilibrium vehicle, then the axes Cxyz will move
out of coincidence with them during a disturbance (as shown in Fig. 10.8).

g x
c x*
12 5 .
x
v R
z
Fig. 10.8

The disturbance displacement upon which AX, AY, AZ, AK, AM, AN partly
depend is

C*C=x*T+y*T+2*K (10.74)
where, to the first order,

i*=u (10.75a)

y =+ Oy (10.75b)

#*=w-08. (10.75¢c)

Suppose that the disturbance commences at the instant ¢ = 0. Then, from
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Equations (10.75),

L]

xz=5 adsy (10.76a)
0
' _rt et

y'=§ vdnui wdr=y+u§ v dr (10.76b)
0 L0 o
1] 1 e

z'=§ wdf—ﬁs am=zhuj 0dr (10.76c)
L) 0 o

to the first order, Now variation of x* and y* will not affect any of the components
AX, ..., AN, since they merely represent changes of position on the surface. On
the other hand, z* will affect at least some components, so z* and its time history
must be introduced into the theory.

By our previous reasoning, we must now include

o bl fig 5 AN

as arguments in the functions governing AX, AY, ... . But z* and its history intro-
duce z and @ and their histories only (although in a complicated way). Hence z*
must be regarded as a symmetric variable in the sense that it influences only sym-
metric departures from the reference motion. The equations governing antisymmetric
disturbances of an interface vehicle are thus the same as those for a totally immersed
vehicle, except that the stiffness matrix is now

0 —(mg+Y¥y) 0] [0 O ©
c=|o -k, ol=2]o men o0
0 Ny ol lo -~ o

for N is only zero for a fully immersed vehicle.
To examine the effect of the introduction of z*, we consider the deviation AM.
This quantity now has the form

AM = function (2*, 8, 2% u, w,q,¥*, 0, W, ¢, 2%, 4, ... ;7). 10.77)

But as z* and its derivatives depend on z, 8 and their derivatives, we cannot proceed
as before to expand AM ‘to the first order’ as a Taylor series. In fact there are more
ways than one of expressing AM in terms of derivatives. The best method of ap-
proach is by no means obvious and so we shall therefore now leave this topic.

To sum up, the position for surface vehicles is that

(i) the equations governing antisymmetric disturbances are of the same form as
those for the totally immersed vehicle, but the C matrix is modified in the manner
outlined above;

(ii) the equations for symmetric disturbances require medification to allow for
the motions z*, but the nature of the modification is not simple and it is not treated
here.
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104.5 Uses of the Linear Equations of Motion

It has been shown that the equations governing both symmetric and antisymmetric
disturbances from a symmetric reference motion may be expressed in the general
matrix form of Equation (10.72), namely,

A{ + B4 +Cq=0Q(). (10.72)
This is true for totally immersed as well as for interface vehicles, although the
equations for the symmetric motion of the latter have not been dealt with in detail.
The matrices A, B, C contain constant elements which are mostly slow motion
derivatives or (possibly) oscillatory coefficients, In practice, however, only slow
motion derivatives are really relevant, since oscillatory coefficients are seldom used
in the study of directional stability and control.

As has already been indicated there are two main types of problem for which
solutions to these equations have to be sought. In the first of these Q{r) is specified;
this is the typical problem of ‘manoeuvring’, The second type of investigation con-
cerns directional stability and relates to a small disturbance of the reference motion,
In this latter case there is no continuous excitation, so that

Q(n=0.
If the equations are to be used in these ways, it is plainly essential to ascertain

the values of the derivatives in the matrices A, B, C. In general there are two ways
of finding the required constants:

(i) By calculation (which must surely become a practical proposition some day,
although it is at present a very long way off!);

(ii) By measurement with the use of models (which is by no means as straight-
forward as one would wish and is, strictly speaking, virtually impossible!).

The first of these approaches is rather too specialized for treatment here, but we
shall examine the second in Section 10.5.

(2) Horizontal Motion’ of Interface Vehicles
A special case of the theory above is commonly considered as being of particular
importance, The motion referred to is an antisymmetric disturbance of a surface
vehicle from its reference motion. It isassumed that, during the disturbance, although
rolling may occur it does not affect yaw or drift.

On the basis of this assumption, all ¢ and p terms are omitted from Equations
(10.55a) and (10.55¢c), which leads to the equations

m-Y;p-Yu-Y4 +(ml - Y, r=¥() (10.78)

—Ng# = Ny + Iy — NpJo— Nor = N(p). (10.79)

Since drift and yaw are the only parasitic motions admitted we now have equations
governing ‘*horizontal motion’, that is ‘flat’ motion in which all points of the vehicle
are confined to motion parallel to the fixed plane OXY. The externally applied
components Y(r) and NV(r) are normally obtained by the use of a rudder, and this

aspect will be discussed later. Directional stability problems of interface vehicles
such as large tankers are normally studied by means of these equations, taking

Y(£)= 0= N(2).
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The two simultaneous equations of horizontal motion (10.78) and (10.79)
are somtimes augmented by a third, namely,

(m — X — Xou = X(2). (10.80)

This is, of course, a simplified form of Equation (10.54a). The reason for this
apparently arbitrary inclusion of an equation for a symmetric disturbance is that
horizontal motion really concerns perturbations in u, v and r, although considera-
tions of symmetry uncouple deviations in & from those in v and r in linear theory.
It is an observed fact, however, that forward speed may fall off sharply during
horizontal motion. Indeed, if the rudder of a ship travelling at speed under power is
put hard over, the fall in speed may be as much as 40 per cent, but this is a matter
for analysis using a nonlinear theory.

10.5 Measurement of the Deviations AX, . . ., AN with Models

The linearized equations of motion have been shown to contain ‘derivatives’ (or,
possibly, ‘oscillatory coefficients'). Direct calculation of these quantities is notor-
iously difficult and generally speaking the most reliable approach is to use models
(unless one can test the fullsize vehicle, as with torpedoes). Such action demands
that similarity conditions be satisfied.

For a model that is geometrically similar to its prototype we shall assume that,
even for unsteady flow, any representative fluid force may be expressed in the form
discussed in Chapter 4, namely,

F=4pV?L? function(Re, Fr) (10.81)

where p represents the density of the fluid, ¥ is any representative velocity (such as
0) and L is a representative length (such as the length of the model). Thus if the
Reynolds number Re and the Froude number Fr are the same for the model as they
are for the prototype (so that function(Re, Fr) is the same), then F/3p¥2L? will
be the same for the model and the prototype.

In this context, a typical fluid force might be ¥,v. With Re and Fr the same for
model and prototype we should have, for borh,

F = F - Y = Y, »
YovTLT T 10717 HpUPL? T apUL T
= ¥,v' = function(Re, Fr). (10.82)

Here, and henceforth, a prime is used to signify a dimensionless quantity. Thus ¥,
is the dimensionless form of the derivative Y.

Let the subscript M refer to the model and P to its prototype. Equality of the
Reynolds and Froude numbers requires that

G- (@) (@)

where p represents the dynamic viscosity of the fluid. If the model and prototype
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are to move in the same fluid, then:
(i) equality of Re requires that

Ou_Le
Op Lm

50 a one-fiftieth scale model must travel fifty times as fast as its prototype, and
(ii) equality of Fr requires that

Ou_ (Lm) M
Oe \Lp
s0 a one-fiftieth scale model must travel about one-seventh as fast as its prototype.

There is thus a fundamental difficulty in the measurement of fluid forces for marine
vehicles which we noted as the ‘ship-model tester’s dilemma’ in Chapter 4,

Fortunately it is usually true — or at least alleged to be so — that the function in
Equation (10.82) depends only insensitively on Re provided precautions are taken
to preserve reasonable turbulence. For a submerged submarine model one can
disregard the Froude number Fr but turbulence must still be promoted in the
boundary layer. Errors of scaling arising from low Reynolds numbers have simply
to be accepted.

Ap (or must be installed in the model and run during tests as
it has a pmfﬂund eff:ct on the flow near the stern. But the speed at which the
propeller should run is open to question (see Section 7.7.2) and a number of tech-
niques may be adopted. For example:

(i) use a self-propelling model; this probably overemphasizes the effect of the
propeller;

(ii) attempt to make an empirical correction of the results obtained with a self-
propelled model;

(iii) under-run the propeller (so that the model is not quite self-propelled) and
assist it with a propeller running in air if necessary.

During tests, the model is

either passed through still water along some path — usually being towed or
guided along a long tank or round in a circle,
or held stationary as water is pumped past it.

We shall refer principally to the former approach in which the model is given an
appropriate reference motion U = T and must be permitted to take up its appropri-
ate attitude, In addition to this steady reference motion the model is given some
relevant perturbation of motion. The techni is to in al fluid
forces and moments that are applied to the model by the fluid as a consequence of
the perturbation of motion.

Our purpose now is to discuss briefly the measurement of particular derivatives.
But it must be understood that the mounting and instrumentation of models call
for considerable skill and the following remarks should be regarded only as a bare
outline.
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Fig. 10.9

10.5.1 Measurement of Slow Morion Derivatives

(a) Towing Tests

The derivatives Y, and , of interface and submerged vehicles are commonly
measured by means of towing tests. For interface vehicles the towing speed ¥ is
chosen on the basis of Froude number identity. The model is towed along the tank
at various angles § to the direction of motion (see Fig. 10.9), so that for small
angles

D=Vcosp2v (10.83)
v=—Vsinf=-0p. (10.84)

The parasitic disturbances AY and AN are measured for a number of small angles
B (i.e. for various values of v), all for the same towing speed V. The results are plot-
ted as shown in Fig. 10.10. The slopes of the curves at the origin are the required
«quantities Y, and V,, which can be made dimensionless by forming

" YV
Y.=—: 10.85:
To0L? iR
' Ny
Ny=—— 10.85b’
L (10.856)

where L can conveniently be taken as the length of the model.

AY AN

Fig. 10.10
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This method has been described in terms of the slow motion derivatives ¥, and
N, for an interface model. It can also be used for a submerged vehicle, but there is
then no need to match the Froude number. Instead, the test should be run at as
high a speed as possible in order to minimize the disparity of Re, For the measure-
ment of Z;, and My, the submerged model is towed either upright or inverted and
the AM gauge is calibrated to remove a Myb p by ing the
model on its side, ¥, and Ny can be found in the same way.

These tests all require the rudder and/or hydroplanes to be undeflected. Now it
will be shown later that these control surfaces are themselves associated with ‘slow
motion derivatives’ and these, too, may be measured in towing tests. If { is the
rudder deflection, the derivatives Y} and Ny are found for a surface model from
tests in which =0, #0.

For a submerged submarine model held upright or inverted, the hydroplane
derivatives are found in a similar way. Let the hydroplane setting be 5 and the for-
ward and after hydroplanes be referrred to by a subscript F or A respectively. Then,

(i) to determine (Z,)r and (Mp)F, take np # O and s = 0=;

(ii) to determine (Z5) and (My)a, take ns # 0 and np =0 =4,

In the same way, the rudder derivatives Y;',,N;'f may be found for a submerged sub-
marine model mounted on its side.

The significance of these derivatives will become clear later when control surfaces
are examined.

(b) Rotaring Arm Tests

In the past curved models were towed along a straight path in an effort to measure
the slow motion derivatives of a straight model following a curved path. This tech-
nique (whose origins lay in airship practice) is no longer used and a ‘rotating arm’ is
now employed to measure ¥, and V,, as shown in Fig. 10.11.

Fig. 10.11 Rotating arm test.
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By fixing the mode! to an arm and then rotating the arm, the model is given a
fixed forward speed and known imposed angular velocity of yaw. The force F), that
must be applied to the model in the radial direction and also the moment G, about
a vertical axis through C are both measured for a given forward speed and various
angular velocities, Here,

U=rRc (10.86)
where Re is the radius of the path of C, and this product is kept constant in a given
series of tests so that r and R are both varied. The model is accelerated to the test
speed and measurements of F, and G are made. The readings are taken before one
revolution is completed since otherwise the model runs in its own wake (although
this is sometimes regarded as an unnecessary refinement). Then

Fy + AY =myr*Rc =mu Or (10.87)
G:+AN=0 (10.88)

whence AY and AN may be found.

For a given value of U, curves may be plotted of AY and AN againstr as shown
in Fig. 10.12. From the slopes at the origin the derivatives ¥, and N, may be deter-
mined and then the dimensionless derivatives formed:

Y
=_r .. 89
Y; byl (10.89a)

Np= lp%“ . (10.89b)

When an interface model is used in such a test the speed I is chosen so as to
satisfy the requirement of ‘equality of Froude number’. If a deeply submerged
model of a submarine vehicle is used, however, the Froude number is disregarded
and the model speed is made as large as possible in order to reduce the (unknown)
error caused by having (Re)y too small. The slow motion derivatives ¥, and Ny can
be found for the submerged model as before, and by mounting the submerged
model on its side one can measure the (important) derivatives Z; and M.

ay AN

Fig. 10.12
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(c) Comments on the Measurement of Slow Motion Derivatives

By returning to the definition of a slow motion derivative we have seen how some
derivatives may be measured by towing a model suitably in a straight line or round
a circular path. It is worth while to mention certain features of the method.

1. Some slow motion derivatives — namely the ‘acceleration derivatives’ such as
Y;, Ni, . .. — cannot be measured in this way. To obtain these the more sophistica-
ted approach of the planar motion mechanism (or PMM) must be used.

2. Furthermore, *orientation derivatives’ such as My, K4 cannot be measured in
this way, at least not without modifying the tests. This is not so serious, however,
as they can be calculated without difficulty or measured by means of an ‘inclining
experiment’.

3. For ship and submarine models the rotating arm has to be of enormous size
if it is to cope with small values of r. This means that the experimental curves are
difficult to draw in the region of the origin, where accuracy is needed most. This
drawback, too, is overcome with the PMM.

4, In theory, at least, it is possible to dispense with the straight-line towing tests.
In this case the quantities AY, AN are measured on the rotating arm as before and
then the model is slewed round so as to add ¥,», V,» components to Y,r, V,r. The
former can then be found by subtracting the latter from AY, AN.

5. In practice, measurements are sometimes ‘faired’ by drawing a ‘carpet’ of
results. Thus one might plot AY in an isometric form taking v and r as the independ-
ent variables.

10.5.2 Oscillarory Model Tesring
It has been shown how, for si idal disturb uperil d on a steady refer-

ence motion, fluid forces and moments may be expressed in terms of oscillatory
coefficients, These quantities are usually used merely as a means of finding slow
motion derivatives, since a derivative may be regarded as the limit to which an
oscillatory coefficient tends as the driving frequency is made infinitely small. But
although slow motion derivatives (rather than the corresponding oscillatory coeffic-
ients) are conventionally employed in equations of motion, the indirect approach
of oscillatory coefficients is particularly useful, as we shall now show.

To be more precise, these model tests are a means of measuring the real and
imaginary parts of the Fourier transform of the corresponding impulse response
functions. In addition an impulse response function can be calculated from either
the real or the imaginary part of the associated Fourier transform provided the
latter can be measured over a sufficiently wide range of frequency.

The subsequent discussion in this section is couched in terms of oscillatory
coefficients, but it must be realized that it could be expressed equally well in terms
of the Fourier transforms of the impulse response functions. For example, if z,,(1)
is the impulse response function relating a heave disturbance, w, to the heave force
AZ then

AZ = S- Zy() wit = 1) dr

Z, ()= Zh (w) +iZiM(w) = r z,,(r) exp(—iwr) dr.
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Consequently, in the following section, the oscillatory coefficients Z,, and Zw could
be replaced by
23 (w)
w

and the related slow motion derivatives may be calculated from the experimental
data through the limiting process

2,=Z0w):  Za-

2y = lim Z3%() = Zw(0)
Zu= i 229 7,0,

Furthermore, since Zﬁ'(r.u) and Zﬁ"(m) are known to be even and odd functions of
w respectively, the impulse response function can be calculated from either one of
them. In fact it may be shown that

Zy(1) = % S: Z,R.,‘(m) cos wr dw

or
Zy(T)=— % S: Z3 (w) sin wr dw.

Consequently, the ‘in-phase’ or the ‘quadrature’ results of a test in which the model
is given a sinusoidal disturbance in heave provide a means of calculating z,,(7).

As we have already remarked, a full discussion of the use of impulse response
functions in ship dynamics is beyond the scope of this book. It is, however, worth
while to refer briefly to some simple experimental verifications of the theory [7, 9]
which have been made with the results from oscillatory tests with a surface ship
model. From the observed values for A¥quap, ¥4(r) can be calculated from

YulT, “%j: Yf'(w) c0s w7 dw

for which the value YB'(O) is measured by a towing test described in Section
10.5.1(a). The direct Fourier transform can then be performed to determine Yi™ ()
in the form

NP (w) = - _[_ Pu(r) sin wi dr.

The numerical values produced in this way agree remarkably well with the values
for ¥i™(cw) deduced from A¥in and so confirm the validity of the concept of the
impulse response functions. In addition, the computed values for ¥, (w) provide
further information concerning this function at small values of w and consequently
clarify the limiting process, whereby the slow motion derivative ¥ is calculated
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from

¥;= lim (M)

w=0 w

() Oscillatory Coefficients of a Submerged Submarine in Heave

Suppose that a model submarine is mounted on ‘swords’ as shown in Fig. 10.13 and
that it is deeply submerged. It is held upside down to minimize interference of the
flow round the fin caused by the swords, While the model moves forward with the
reference velocity U it oscillates in heave so that

ZFp=zosinwr=z,. (10.90)
In a test of this sort, & should ideally satisfy the condition
(Re)y = (Re)p,

but this is usually quite impractical and so I has simply to be as large as is conven-
iently possible. (Matching of Froude bers is here d to be

because the model is sufficiently deeply submerged for surface effects to be neglig-
ible.)

Fa Fe

Soges S o

Fig. 10.13 Measurement of heave oscillatory coefficient for a submarine.

The reference motion i has a superi idal disturbance described by,

say
W = 2000 COS WE = Wo COS WI (10.91)
and
W= —Zow? sin wt = —Wow sin wt. (10.92)
To impose this motion it is necessary to apply forces at the swords:
Ff = Fpe + (Fphnsin wt + (FFlQuapcos wt (10.93)
Fyp = Fpe +(Fa)msin wr + (Fa)Quapeos cwt. (10.94)

That is, each force consists of a constant component, an ‘in phase’ component and
a ‘quadrature’ component. Observe that, in practice, the model is usually mounted
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on the swords in such a way that the difference between the weight and the buoy-
ancy force is balanced out at & = 0, The constant contributions Fr« and Fae are
accounted for by lift forces when I # 0. (It is well to remember that a submarine
hull acts like a very inefficient lifting surface, but not a negligible one because of its
great size.)

The heave equation (10.54b) for a totally immersed vehicle now becomes

ZowrZ,w=mw—Z(1)
=mw — [Z4 + Fpe + Fae
+{(Fehn + (Fa)m} sin wt
+{(Fr)quap * (Fa)ouap } cos wt]. (10.95)
The right-hand side of this equation may be abbreviated to give the equation in the
form
Zow+Zyw=mw - (Z4 + Fy + Fiy sin cr + Fquap coswr).  (10.96)

In this equation Z, is a constant fluid force acting in the direction Cz. If w and w are
now substituted into this equation from Equations (10.91) and (10.92) it is found
that

Zy=—Fy=—(Fpe +Fas) (10.97a)

= F 1

Zy=— —Q‘%:—D= g {(Fe)quap * (Fa)quap} (10.97b)
Fi

2, -m+—m=*m+m{(Fp)m+(FA)lN| (10.97c)

These oscillatory coefficients may be found for a range of the driving frequency
w and then the slow motion derivatives found, since

Zy= lim Z,; Zy = lim Zy.

w0 w0

(b) Oscillatory Coefficients of a Submerged Submrme in Pitch

It is possible to impose a si of pitching on the model, instead
of heaving :.sprevmusly If thisis done the path of the centre of mass C is sinusoidal,
as shown in Fig. 10.14. We must first examine the problem of imposing a pure
pitching motion on the model by imparting suitable motions to the two swords.

Fig. 10.14
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The angle made at any instant by the body axis Cx with the horizontal is

6 = arcsin (“2; ZF) (10.98)

o

from Fig. 10.15, in which the symbols are defined. The vertical upward velocity of

Cis
E Zp +zp
dr 2 3

The resultant velocity of C is therefore inclined upward at an angle X with the
horizontal, where

_ E Zptzp o
A = arctan L:lt (—2 )/U} (10.99)

For pure pitching, the velocity of C must always be in the direction Cx (since
w =0=w). Therefore

§=-x

or, approximately,

Ip—zp_ | d [zptza i
S ld‘,(m—--—2 )/U} (10.100)

If zg and z, satisfy Equation (10.100) they produce a pure pitching motion.
In fact this is so (as the reader should check) if

Zp =2, CO8 (wr + %) (10.101a)
€
Zp =14 CO8 (mr - i) (10.101b)
where the phase advance of zp with respect to z4 is
wl,
€= 2arctan (T") (10.101c¢)
U
|z

I r
aAI etk t,- +—

Fig. 10.15
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Note that € depends on o and . 1t is therefore possible to arrange that

8 =8, sin wt (10.102a)
q =850 cos Wt =gp COS W (10.102b)
4= 050 sin wt = —gow sin wt (10.102¢)

(where g, = 8,0) while w=0=w.
The equation of motion of the model in heave along Cz is
Z4q +Zyq = -mql - Z()
=—mql — (Zo + Fy + Fiy sin wit
+Fouap cos wr) (10.103)

where Fy and Fouap are measured by reference to @ (and not to zp orz, ). From
Equation (10.103) it is found that

Zy=—Fy (10.104a)
2, = _mpp - Fouan (10.104b)
do
Zyma (10.104¢)
Gow
And then
Z, =..].l-r-no Zq: Zé=‘ln_11024. (10.105)

(c) Other Uses of the Planar Motion Mechanism

The above tests to determine oscillatory coefficients are performed with a planar
motion mechanism (or PMM) attached to the carriage of a towing tank. Two types
of measurement only have been described by way of examples, but in fact the PMM
is sufficiently versatile to provide all the oscillatory coefficients (and, hence, slow
motion derivatives) required by linear theory. We shall now briefly describe the
nature of the necessary modifications of the test procedure.

1. To obtain the derivatives M,,, Mu,, Mg, My it is only necessary to employ the
‘pitch equations’ rather than the ‘heave equations’. Note that

Mg =My — My +w*Mz — ... (10.106)
whence
My = lim M, (10.107a)
w0
1
M= tim - - : -
4= Jim, ( e M,)) (10.107b)

The curve of #p plotted against w? might thus have the form shown in Fig, 10,16
in the region where w is small. Note also that, here, My is a *hydrostatic derivative’
whose value may be checked fairly readily by calculation.
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My
o 5
My
arctan M,
Fig. 10.16

2. In order to obtain derivatives for the antisymmetric motions of drift and yaw of
a submerged submarine model, it is necessary to mount the model on its side.

3. The PMM may readily be adapted to give the roll derivatives of a submerged
submarine model (as indicated in Fig, 10.17),

4. The PMM can readily be adapted to models of interface vehicles. When it is used
in this way it is, of course, necessary to employ the appropriate equations of motion
(i.e. not those for a totally immersed vehicle). It is also necessary to run at the
correct Froude number.

5. The PMM can also be used to determine control-surface derivatives. For example
the slow motion derivatives associated with the forward hydroplanes of a submarine
can be deduced from the cormresponding oscillatory coefficients if the submerged

Sword
Push rod
Inverted madel

Fig. 10.17 Planar motion mechanism adapted for roll of a submarine.
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submarine model is towed along the tank with w=0=g but with the forward
hydroplanes oscillating so that n =n, sin wt.

(d) Comments on Use of the Planar Motion Mechanism
A few matters relating to the PMM deserve special mention.

1. In practice, all moments of fluid forces applied to the prototype are reckoned
with respect to the centre uf mass of the prototype. Thus, to find Mq.q for the
prototype we measure M, q for a geometrically similar model, taking moments
about that point of the model at which the scaling ratio suggests lhe centre of mass
should lie. The model is mounted with the swords equidistant from that point, as
shown in Fig. 10.18(a). (If it is a surface model the driving points are equidistant
from that point, as in Fig. 10.18(b).) The moment applied about that point is then,
for the submarine,

Gy =(Fa - Fr)io (10.108)
and for the surface vehicle
Gy = (Fr - Falo. (10.109)

It is from this measurement of an applied moment that the required fluid moment
is found, by using the appropriate equation of motion.

Now it has been assumed here that the sword attachments (or driving points) are
equidistant from the centre of mass of the model. That is, it has been assumed that
scaling has been such as to preserve the correct position of C. In fact it may well be
difficult to place the centre of mass of the model at the correct (i.e. scaled) position.

Fa Fe

Scaled positions
of C

Fa Fe
Fig. 10.18
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The engine has to be placed in the stern because the ‘strongback’ attachment of the
PMM occupies approximately the middle third of the length, and to place C cor-
rectly, therefore, it will normally be necessary to ballast the bows substantially,
which may well raise a stressing problem. It does not matter if the centre of mass of
the model is not at the correct position, however, so long as its actual location is
known,

Suppose it is wished to measure M, for a submerged submarine. Let A correspond
to the centre of mass of the prototype as in Fig. 10.19 and let C be the actual centre
of mass of the model. The sword attachments are equidistant from A (not C) and
the body axes are erected with A as the origin so that, in the notation of the
Appendix at the end of this chapter, the distance AT is given by

pc =kcf
where Ec. is negative. The applied moment G, about A is given by Equation (10.108),
and this is the quantity measured during tests.

Fa Fe

Fig. 10.19

It is now possible to calculate the moment of fluid forces about A (i.c. AM,) using
a linearized form of the equations of motion, as quoted in the Appendix at the end
of this chapter. In fact it is found that a simple correction term is introduced into
the expression for Mg as shown in [6].

2. It was explained previously that symmetric disturbances from the reference
motion of a surface vehicle require special thought. A PMM can be made to impart
a sinusoidal heaving motion w (with ¢ = 0) or a sinusoidal pitching motion ¢, and
hence varying tilt § (with w = 0 but z* # 0). Alternatively,

2*=w- 08

can be made to vary sinusoidally. But the interpretation of results is by no means
straightforward and will not be dealt with here.

3, The PMM was first designed as a device for measuring slow motion derivatives
[10, 11] and these quantities permit us to specify fluid forces and moments
approximately. We have seen, however, that the PMM has wider applications in that
it can enable us to measure the Fourier transforms of the impulse response functions.
It thus provides data for the calculation of these response functions. In this way
fluid forces and moments can be specified in a far more realistic manner and the
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scope of linear theory considerably extended. The need for nonlinear theory,
especially as far as the PMM is concerned, is reduced. This simplification is fortunate
for practical purposes, as in this context nonlinear theory is very difficult to inter-
pret and to apply logically. It is a field which requires extensive research and is well
beyond the scope of this book.

10.6 Control Surfaces

The employment of control surfaces in steady motion has already been discussed in
Chapter 8. It is plain that control surfaces raise questions as regards unsteady, as
well as steady, motion. For example:

How does the presence of the surfaces affect the stability of the complete vehicle?
What is the nature of the vehicle's response to deflection of a control surface?

Our aim now is to incorporate the effects of control-surface deflections into the
equations of motion.

In the following discussion the forward hydroplanes of a submarine will be used
for the purposes of analysis and, for simplicity, we shall regard the problem as being
essentially a two-dimensional one. The forces acting on a hydroplane are shown in
Fig. 10.20 and are:

F,, G, the force and moment exerted through the actuating shaft;
F}, the force exerted by the fluid.

(There will, in addition, be 2 bending moment in the actuating shaft but we shall
disregard it.) The moment of Fy, about the actuating shaft is

G =rnxFy (10.110)

where ry, is any vector from the shaft to the line of action of Fy. The deflection of
the hydroplane is n, the angle being measured from the appropriate datum position.
For our present purposes we shall take this datum as being parallel to the plane Cxy.
Now when n(t) varies it is clear that it alters (i) F;, G,; and (ji) Fy, G

It is necessary to study the variation (i) for the purposes of design, both as
regards strength and in the design of control engines. This demands a study of the
equations of motion of the isolated control surface, but unfortunately this is

Fy

z
Fig. 10.20

Google HIVERSIT



Directional Stability and Control | 543

complicated when carried out with any generality, because the hinge line is itself
accelerating.

The study of the variation (ii) is obviously y in the prediction and analysis
of handling characteristics. It is necessary to ]mnw howX Y, Z K, M, N or, in terms
of departures from a steady reference motion, AX, AY, AZ, AK, AM, AN, vary
with n{r).

We have therefore to consider two distinct types of problem, It should be noted
that this applies not only to hydroplanes but also to rudders and stabilizers. We now
deal with each variation separately.

10.6.1 Elementary Analysis of Controktsurface Motion

By way of illustration a very rudimentary form of analysis will be used in variation
(i) for a pair of hydroplanes. Our sole purpose now is to indicate how very rough
estimates may be obta.ined — no more.

Assume that the hydropl are adi | d by laminae which lie in
the plane Cxy when a totally submerged vehmle perl'on‘ns the reference motion

u=0, Q=0
Consider a small deflection  of the hydroplanes and a small departure
w=ui+vi+ wk
Q=pi+qgf+rk
from the reference motion. (In short, let us immediately make the simplifying

assumptions that have been associated with the linear equations of motion.)
The position of any point B on a hydroplane is given by

R=Rc +F=Rc +xi+yj+zk

(see Fig. 10.21). The velocity of B is therefore
R=Rc +Xi+yi+2k +Qxr

and if the commonly used abbreviation

X +pf+2k=—
is adopted, this becomes

R=v+Traxr.

ar

The acceleration of B is

ﬁ=I_’I+J€F+yf+f§*ﬂx:—:+£‘lxr+ﬂn‘-
Noting that

114
= 73 +82xU
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and adopting the abbreviation

L
-G-F=x:+yr+zk
we see that
. U 8% 5r -
R—§+ﬂxU+'6—F+2ﬂ'xM+nxr+nx(ﬂx!).

By neglecting higher powers of i, 7}, 7j than the first we may express the accelera-
tion of B in the form

ToF Ok P 7ok
. U o
Rege+l p g r(-sik+dip q 7
T+u v w 0 0 —s
i 7k h 7 k
e g F + p q r ; (10.111)
x y | |l-gsm-ry m+pm py-gx

This vector may be written out in full by expanding the determinants. Suppose that
this is done to gjveRx,R,,,R, where

R =R.i+Rj+R:k. (10.112)

Tt will be found that, when all products of the small quantities (u, v, w, p, @, 7, B, 4.
F, 0, 1) are neglected,
Rymi-ty (10.113a)

Ry =w—ql - sif +py — gx. (10.113b)

The inertia force applied to a particle of the hydroplane located at B is %Em).ii.
If this is resolved as shown in Fig. 10.22 and moments are taken about the hinge
line in accordance with d’Alembert’s Principle, it is found that

Gy + Gy + 3 s(R; +nix)m=0 (10.114)
1o the first order in 5. The summation is over all particles of the hydroplanes (both

15m) R,

L

z

Fig. 10.22
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port and starboard). It follows that
G +Gy +EJ(W - qU - sii +py - gx)pm =0
again to the first order (so that, as expected, &, is irrelevant), Therefore
Gy + Gy +mnen(W — O —Iyii + PoyP = Puud =0 (10.115)
where
Mpey = 2.5 6m (= 0 if so designed)
I =E:25m
Phy =E.ly8m =0 by symmetry
Prx =2 5x5m =3 506, +$)5m = muenxs +In
= Iy, (if 5o designed).
It follows that if the analysis is simplified as much as is reasonably possible the
equation governing motion of the hydroplane is
Gy + G =In(ii +4). (10.116)

This last equation has at least the merit of appearing to be correct, although a
number of assumptions have been made in its derivation. Even so, the practice in
naval architecture is to simplify even further on the grounds that j and § are invari-
ably small quantities. That is, the motions of control surfaces — not only hydro-
planes — are analysed on the basis that

Gy+Gr=0 (10.117)
even during unsteady motion. A more rigorous approach is needed for aeronautical
vehicles, however,

10.6.2 Controksurface Derivatives

We now turn to variation (ii), that is to the question of how X, ¥,..., Mor AX,
AY, . .., AN) vary when a control surface moves. It is convenient once more to
discuss a pair of forward hydroplanes by way of example.

Now considerations of symmetry and antisymmetry imply that only AX, AZ
and AM vary with n(r). (Note that we prefer to deal here with the perturbations
rather than with X, Z and M.) Making the usual assumption that these variations are
mathematically well behaved, we can again invoke the idea of ‘slow motion deriva-
tives'.t For small departures of the deeply submerged vehicle from its horizontal
motion, then, fo the first order

AKX = Xyu + Xt + Xoyw+ XoW + X0 + Xoq + Xgd + Xon + Xgh + Xphi
AZ=Zuu + Zi+ Zw + ZoW + Zoq + 2yt + Zyn + 2y + Ziii
AM = Mu + Myt + MW + MW + Mg0 + Mg + Myq + Myn + My + Myii.

1 It should be noted that an alternative approach using impulse response functions can also be
developed.
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These expressions may now be used in the equations of motion governing sym-
metric departures from the symmetric motion. The resulting equations can be
expressed in matrix form as follows:

m-Xg —Xw —Xy ] Xy -Xw -Xg u
-Zy m—zw -Z4 wl+|-Zu -Zw —AmU+Zy||w
—Ma Iy -My |l 2 -My My
0 0 0 Xy Xq [
+l0 0 O = Zy Zy [ %] (10.118)
0 0 mgh My Mpllm
This is generally the case when nnalysis of this type is applied to
forward
after } hydroplanes in symmetric motion
both sets of
rudder . . . .
stabilizers ] in antisymmetric motion.

It is usual in marine practice to specify n(r) — or whatever the deflection variable
is —so that the appropriate deflection is ‘inexorable’, This is quite satisfactory as
the deflecting agency must always be sufficient to meet a coxwain’s demands. With
aeronautical vehicles, on the other hand, one might well have to use extra simultan-
eous equations arising from analysis of type (i) (i.e. Section 10.6.1). The coefficients
X5, X5, etc., are of course constants and their values have to be calculated, estimated,
measured or ignored.

10.63 ‘Horizontal Motion' of a Surface Ship

The handling characteristics of surface vehicles — and we shall here refer specifically
to conventional ships — raise a number of complicated problems. Our purpose now
is to discuss in greater detail the approximate linear theory of *horizontal motion’,
It should be noted, however, that although this theory is widely used it is not at all
accurate.

Arguments of symmetry and musymmtry suggest that, for small rleﬂecuonsf
of a ship’s rudder, one need only ider the jons governing anti: ric
disturbances from the steady reference motion (see Fig. 10.23). That is, only AY,

L~ c i

_/

Fig. 10.23
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AK and AN are affected by variations of {. It is to be expected, therefore, that
terms containing slow motion derivatives

Yy, Yg, Yi, Ky, K§, K5, Ny, N, N§

must be introduced into the relevant equations, which now become

Aj+Bq+Cq=E{ (10.119)
where
q={y ¢ ¥|; (10.120a)
t=iE ¢t (10.120b)
and
m-Y; -¥, Yy
A= |-K; I, - Kp —(lxz +K7) (10.121a)
=N Iz +Np) I — Ny
-¥, -Y¥, mU-¥Y,
B=|-K, -Kp -K. (10.121b)
-N. -Np N,
0o 0 o
C=|0 mgh 0 (10.121c)
o 0 o
[Yi ¥; Y:
E=|Ki Ki Ki|. (10.121d)
Ne Ne Ny

It has already been explained that, under the assumptions relating to *horizontal
motion®, a number of coefficients in A, B and C are ignored. The additional assump-
tion is also made that only the third column of E is significant. The equations of
motiont thus become

(m— Y —Yp - Yt(ml- Y=Y (10.122)
—Ni# = Nyw +(I; — Np)JF — N = Ne. (10.123)

Equations (10.122) and (10.123) refer to motions of drift and yaw only (i.e. to
‘horizontal motion’). The linear theory of manoeuvrability is commonly based on

1 If the third equation of antisymmetric motion (that for X) is assumed to be completely un-
coupled from these two, it becomes
e~ KpB — Kpp — Ko = Kgt.

This, however, would usually be too great a simplification and the dependence on v and r has
to be retained.
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them, although its usefulness appears to be a matter for debate. To obtain these
equations in their more useful dimensionless form, it is convenient to divide (10.22)
by pT2L? (2 and (10.123) by pT*L?/2, to obtain

() () - () () - () ()
*(ap%’ W)(%Hfﬁ%?)t
N

o) ()

,_\
&
k=3
:1]3
o
=
=
s.q &
o
b=
I=lb
S
=
s
SE
"
—

That is,
(n' =Y = Yo' - Yl +(m' - ¥})r' = Yit (10.124)
=Ny’ — N + UL = NOF - Njr' = Nit. (10.125)

Note that the quantities Y¢t, Ngt refer to changes of force and moment due to
deflection of the rudder and not the fluid force and moment acting on the rudder.

(a) Rudder and Skeg Theory

It is natural — and, up to a point, proper — to think of slow motion derivatives as
built-in properties of a vehicle. A vehicle ‘comes with its derivatives, so to speak. In
fact, the derivatives can be modified to some extent by the addition of fins, control
surfaces and skegs, and our purpose now is te illustrate the broad principles involved.
The reader must be warned, however, that the theory is an extremely idealized one.
In particular, the introduction or modification of a surface may not be even remotely
as effective in modifying a derivative as the theory would indicate if that surface is
not placed on the vehicle’s hull so as to protrude into a region of clear flow. (It
should also be recalled that a displacement ship’s trim can modify its derivatives
sufficiently to affect directional stability quite substantially.)

When a surface ship executes a horizontal motion, it is assumed that the fluid
force acting on the rudder at any instant is proportional to the prevailing angle of
incidence . Consider the ship in plan view so that the side force exerted on the
rudder is Fr (as shown in Fig. 10.24). The force Fi is in fact a 1ift force’ or, more
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precisely, a ‘side force’. According to the elementary theory of control surfaces
described in Chapter 8,

FR e BC.L
}pﬂ L7 32
where Cy, is the dimensionless lift cocfﬁcient and (3CL /da)y is the slope of the lift

curve at zero angle of incidence. Therefore if g is the distance of C from the hydro-
dynamic centre of the rudder,

Fr__ ( (aCL
10717 7 ?
v [CL
=@t —v'+ =5
G- +ary ( e )o (10.126)
wherea’ =afL.
This result may be written in the alternative form
Fi , " '

Eﬁ;=ﬂhnmw3w (10.127)

where g ¥, is the contribution of the undeflected rudder to ¥, for the ship, and
rY; isthe undeﬂected rudder’s contribution to ¥;. In the same way, we may write
Fra
#nU‘L“
where again the prefixed subscript R means ‘contribution of the undeflected rudder’.
By inspection it is evident that

" (a")n RYe "(aa)n R e

. __f3C _o(CL g BCL
N¢ -”(aﬂ)o RNy "(aa)., gV, =~ Px
A skeg may be thought of as a fixed rudder and the above results may readily by

adapted to it. If the distance of the hydrodynamic centre of the skeg from the
centre of mass C is b (as shown in Fig. 10.25) and ' = b/L, we may write

i acL) ; .(acc)
Yi=—|— Y,=b'{—
e (), aner(3E)

ac; a3
wiow (5), e (32)

=Nt + RN + Ny (10.128)

(10.129)

(10.130)

da o
where Cp, is the lift coefficient of the skeg and the prefixed subscript § means
‘contribution of the skeg".

To illustrate how these results may sometimes be useful, :cnslder the horizontal
motion of a ship with a fixed rudder deflection {.. With »' =0 = # in the steady
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_L _________ F-‘__)_X
L ] !
] b v
¥
Fig. 10.25

state, Equations (10.124) and (10.125) become

—Yp H(m' = Y =Yk (10.131)
- Ny — Ny = N, (10.132)

If »' (which is now a constant) is eliminated from Equations (10.131) and (10.132)
it is found that

L MY -NYE

te Nu(Yr-m)—N;¥)’
In Equation (10.133), the derivatives Yy, Ny, ¥7, Ny must be thought of as sums of
contributions from the rudder, skeg and hull. Thus

Y, =grY, +gY, + (Y, for remainder of hull),

In this way, r'/f, (whose importance is obvious) is found in terms of C; and Cj,
along with the derivatives of the bare hull, where

ac, aC;

' o | = . ! e f e

G ( da )o' Ca (a‘* '

These two slopes of ‘lift curves’ may then be chosen to provide an adequate degree

of control.

(b) Longitudinal Fosition of a Rudder
In Equation (10.133) we know that

aCL )
N'=7a‘(———) =_d'¥L.
¥ 2 § 4

It follows that

(10.133)

. o et s gt
L £, (5.7, B (10.134)
S My(Yr—m')=NyYy
Now it will be seen later that, for directional stability to prevail, the denominator
of this expression must be negative. Moreover, in a normal ship, N, is negative (as
one expects with C abaft amidships) and Y} is negative, of course. Hence in simple
terms r'ft. is greatest when a’ is positive and as large as possible; and for this reason
the rudder is placed aft (so that a' 2 1/2). This result confirms that found with the
elementary approach of Section 8.4.3.
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10.6.4 Steering Indices

If the quantities »' and »' are eliminated from Equations (10.124) and (10.125) it is
found that

AP + B + O = BT+ FEL (10.135)
Here

A=(m' = Y3) (I} - N) - YN}

B=(m' - YON; - NyY; - (m' - Yi)Ny — (It - Np)Y,

C=(m' — YW, + YN,

E=N,Y; - YuN;

F=(m'— Y;Nf - NjY{.
In theory, if ¢ is prescribed as a function of time it is possible to solve the equation
for r; it is the sum of a particular integral and the complementary function, In
practice, however, this is not particularly helpful because the significance of the
quantities A, B, C, E, Fis not clear.

A more useful approach is described in [12] where a simplified form of the

equation is examined — or, rather, the predi of a simplified form. The
may be written in terms of the opemm D:

(AD? + BD +Cy' =(E + FD)}t. (10.136)
The rate of yaw r' is thus related to the rudder deflection by the transfer operator

s E+FD ¢
C+BD+4D? )"
This can be written as

reE 1o oo (A B)ore. |

c cE cCE'E
Letting
E B F
K'==: oS
C C E
and truncating the power series, we have
oK'
"*{+tp {.
That is, we now contemplate solutions of the approximate first-order equation
TH+r =K' (10.137)

It is not easy to see in what sense this equation is approximate; indeed a theoret-
ical investigation of its range of validity is complicated and obscure. Care has there-
fore to be exercised in using the equation, particularly near the boundary of insta-
bility, since the first-order equation does not even admit the possibility of directional
instability.
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If this simplified equation is adopted, however, it relates the rate of turn r' to
the rudder deflection by the two constants K' and T”. These may be identified for a
ship or a model and used to specify its handling qualities. The constants are referred
to as ‘steering indices’ and they have useful physical interpretations.

Although a step change of § is strictly inadmissible, since it casts grave doubt on
the validity of slow motion derivatives in the equations of motion, suppose, never-
theless, that with 1’ = rJ/L

t=0 forr'<0

t=t. for r'>0.
The appropriate solution of Equation (10.137) is then

r'=K't[1 —exp{—(t'/T}] (10.138)
and this is sketched in Fig. 10.26. As the sketch indicates, K’ is a measure of sensi-
tivity to rudder deflection, whereas the constant 7" is a measure of ‘sluggishness’ in
responding to the helm. If Equation (10.138) is now integrated with respect to time
interval the ship’s variation of heading with time can be found:

¥ =K'l - T'[1 —exp {—YTH) (10.139)

and the appropriate curve is as shown in Fig. 10.27.

7|
K'fe
Increasing T
[1] r

Fig. 10.26
106.5 less Linear Equarions of Motion
It has been shown that the equaiion: of horizontal motion may be put into a dimen-
sionless form. The use of d fons is quite and it is worthy

of some extra thought, for the point is not simply that the terms in the dimensionless
equations are independent of the systems of units used (although this is of course
true).

Suppose that a ship executes a steady reference motion upon which a steady
drift is superimposed. Let us ider the p AY of the fluid force by way
of example. Dimensional analysis (see Chapter 4) tells us that for a given shape of
hull

AY
mrﬁ = function (Re, Fr, f)
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Fig. 10,27

and hence, by Taylor’s theorem, we find that
AY .

ryrriri B{function(Re, Fr)}
approximately. Now

peg=v,
$0 we can write

AY' =Y
The quantity |function (Re, Fr)} is therefore a dimensionless derivative which de-
pends on Re and Fr only. Since the dependence is not normally a sensitive one, the
quantity ¥, is more or less independent of speed over a substantial range of operat-
ing conditions. This is really the main reason for using dimensionless derivatives;
without them, the equations of motion have different coefficients for different
operating conditions. Note too that ¥, is not dependent on the scale of the model,
50 a value obtained with a model may be used for a prototype.

Contrast this with the result when AY is not expressed in the dimensionless form,
We have

AY =4p02 L2 {7 {function(Re, Fr)}= Y,
where

Y, = §pUL?{function(Re, F7)}.

Here the derivative depends on  directly (as well as through Re and £r) and also
on L® and p. When this quantity Y, is found for a model it cannot be used immedi-
ately for the prototype, since it has to be ‘corrected’ for speed and scale.
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This is true lly; if model are made with the appropriate
scaling of operating conditions — of Fr for a surface ship and its model — it is usually
possible to use th values of di ionless derivatives for model and prototype.

It is as well to note that the use of dimensionless derivatives is not without
drawbacks. This can be illustrated by means of the various equations of motion
already referred to:

1. Since the reference speed I is taken as the magnitude of velocity it vanishes
from the equations. (Thus mI becomes m' in the AY equation of horizontal
motion.) This can be misleading.

2. Although all the dimensionless derivatives for a given hull form depend on Re
and Fr, dimensionless inertial terms (e.g. m’ and J; in the equations of horizontal
motion) are constants for the hull form.

3. The derivative My = —mgh which appears in the pitch equation for a submerged
submarine cannot be expressed as a dimensionless derivative Mg which is the same
for model and prototype since

mgh
0PL?

h gL

a7
L
7
that is, a dependence on L,’U”_ But this at least has the merit of showing that the
stability and control of a submerged submarine are markedly affected by speed.

Mg =—

=—mh'g

4. This process of rendering equations dimensionless is lost when the ship is not
moving ahead, since [ = 0, yet there may well be significant motions of yaw or of
drift. In that event T is not used as the basis for yielding dimensionless parameters.
This case arises not only with certain types of ship but also with ‘hovering’ sub-
merged vehicles and with hovercraft,

10.7 Manoeuvring Trials
It is useful to perform manoeuvring trials with free-running models and/or full scale
vehicles. Theadvamage of free model tests is that they do not demand mathematical
y a ‘mat ical model’ (although this does not mean, of course,
that interpretation of results for the purposes of the prototype is without d:rficu]ty)
When full-scale vehicles have been built, tests are carried out on them to assess
their directional stability and ma.noeuwah:my for it would not be realistic to rely
solely on calculati even forac | ship — let alone for nautical oddities!
There is never any question of aimless testing ad hoe and consequently definite,
standard tests and trials have come to be accepted. Briefly, the most important of
these are

(i) stability trials — the ‘pull-out’ manoeuvre
— the “spiral’ (or Dieudonné) manoeuvre
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(ii) control trials — the ‘circle” manoeuvre
— the ‘zig-zag’ (or Kempf) manoeuvre.

It should be noted that, although the trials are placed here in two categories, the
designer is not concerned with stability and control as two distinct phenomena.
This is because large stability implies difficulty of control, whereas marginal stability
implies ‘touchiness’ (which, to be sure, may not be disastrous).

The compromise that must be achieved between stability and sensitivity is
particularly important where the motion of a submarine in the vertical plane is
concerned, for vehicles of this type must possess directional stability of vertical
motion for safety and yet too much stability reduces the submarine'’s essential
capabilities.

Although calculations are backed up by actual trials, it cannot be assumed that a
vehicle’s degree of stability is easily assessed, and even the question of whether or
not a particular vehicle is directionally stable is sometimes difficult to answer with
any conviction, From an analyst’s point of view the study of directional stability
and control is somewhat unrewarding and rather untidy.

10.7.1 The Pull-our Manoeuvre

The equation governing horizontal motion of a ship with its rudder amidships is,
from Equation (10.135),

AV +BF +O' =0, (10.140)
Any yawing motion is therefore described by
r' = ryexplas) + ryexp(Bt) (10.141)

where r} and ry are constants whose values are determined by the initial conditions
and a, f are given by

—B £+/(B? — 440)
——

It is a matter of observation that ships never behave in the manner suggested by the
complex solution. Thus B? > 4AC, and therefore directional stability requires that
a and g must both be real and negative.

In practice, the constants 4 and B are both positive. (As we have seen, they are
combinations of derivatives and inertia terms and the signs of the derivatives deter-
mine the signs of 4, B and C.) Since 4 and B are always real and positive, C must
also be real and positive if directional stability is to prevail, although as we have
already noted it is never large enough to make 44C> B2,

The values of erand f provide measures of directional stability. Now if the stability
is in question at all, that is if C is small,

f<a

(assuming that § is associated with the negative root and a with the positive). That
is, B will be large and negative. Thus in free motion with rudder amidships the
solution

r'=r expler) (10.142)

will quickly become dominant,
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In the *pull-out’ manoeuvre the ship or free model is put into a turn and then the
rudder is restored to zero deflection. The subsequent decay of ¢’ from its initial value
provides a means of determining a. Since the root §islarge and negative the decaying
motion assumes the form r}exp(ar) whence

In(r') = In(r}) + ar. (10.143)

A curve of In (r) plotted against ¢ eventually becomes a straight line of slope a, and
the tendency of this slope to approach zero indicates that a state of instability is at
hand.

Although a pull-out ¢ may be cc l in a violently nonlinear
fashion, the majority of the In(r') curve that is obtained usually conforms well to
linear theory. In particular it is found that different initial yawing rates produce
little effect on the results.

It is because of the normally large difference between the roots a and g that the
reduction to a first-order equation [12] may be justified. (Unfortunately a rigorous
demonstration of this appears to be complicated.) But whether or not Equation
(10.137) gives sensible results does not rest solely on this; it also depends on whether
or not a linear régime can decently be assumed to exist at all. In fact, in the form in
which they are usually determined the ‘constants’ K’ and T” are not unique, mainly
because they are deduced from manoeuvres that can only be described adequately
by highly nonlinear equations.

10.7.2 The Spiral Manoeuvre
The equation governing horizontal motion may be written in the form

AV +BV + O =Et + F'

If §(r) is prescribed, a solution can be sought as the sum of a complementary func-
tion (whose nature is determined by the stability since it corresponds to ¢ = 0) and
a particular integral (which is determined by the given {(¢)). It has already been
pointed out that the constants A and B are both positive and that the sign of C
determines whether or not directional stability prevails, for if Cis also positive the
motion is stable. In effect, the spiral manoeuvre is a check on the sign of C.

If § ={, a constant, then

r' = (complementary function) + gg.

If the motion is stable, so that the transient complementary function subsides, we
should then expect

C > 0 for stability,
E <0 both from the analytical form of £ (and the signs of the derivatives that
comprise it) and also from consideration of the sign convention we are using.

(The apparent contradiction in Flg 10.28 clearly indicates that r'ft, should be
negative.) In a spiral manoeuvre, ' = rL/U is measured for various values of {, after
the transient motion has subsided, and the results are plotted in Fig. 10.29.

If the resulting curve is of type | the motion is stable, since dr'/d{. < 0 when
$c =+ 0. When stability is marginal, the slope of the curve at the origin becomes

Google IR ... Y



558 | Mechanics of Marine Vehicles

;gul: e

Y1

>0

Fig. 10.28

more nearly vertical as in I1. This is because
. _C

v 0

as C approaches zero. Unfortunately, the slope is also large when £ is large and it is
a weakness of this technique that it cannot distinguish between (i) an unexpectedly
powerful rudder, and (ji) marginal stability. Unstable motion produces a curve of
type III, which indicates that the rudder only takes effect correctly when it has a
large deflection.

= =r' ]
Dl/ OV
[ e

Fig. 10.29

Case III has been the subject of considerable investigation, but it is still not
entirely elucidated, It has been suggested, in particular, that an unstable motion is
such that € <0 and E < 0 so thatr'f{; > 0 as { —+ 0. This implies that the curve of
type 11l should really have the form shown in Fig. 10.30. But if the system is truly

—

Fig. 10.30
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unstable, there is no guarantee that the motion corresponding to a small deflection {
will not be masked by an excessive transient. This aspect has been investigated further
by means of the reverse spiral manoeuvre, proposed by Bech whach provides a
quicker and more suitable p , esp ly for d le ships (see
[13D).

In practice the spiral manoeuvre is carried out on conventional surface ships
using constant shaft speed. The following routine is employed:

. rudder 15° to starboard,

. when the tumning rate has become steady, record it,

. repeat with 10° starboard rudder,

. repeat with 5°,4°, 3%, 2°, 1° starboard rudder,

. increase rudder deflection in these steps to 15° port,

. reverse the above routine and repeat measurements until rudder deflection is
again 15° starboard.

The whole operation is repeated with different shaft speeds.

It should be noted that it is common to plot r' against —{, (rather than —'
against {) because a starboard rudder deflection is then plotted to the right-hand
side,

MW -

(a) Theory of the Spiral Manoeuvre
‘We shall now consider in a little more detail the condition of a vehicle that executes
a steady turn in horizontal motion, This is the motion previously represented by
Equation (10.133):

Y. NYL-MY__E

fe NUYr-m)-N¥y —C°
The motion is a combined one of yaw and drift and of the form shown in Fig.
10.31. The velocity ¥ of the centre of mass C is tangential to the turning circle.

o

Resultant velocity Ve

\Pa‘h of
c

Fig. 10.31
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If, as has been supposed, linear theory is applicable it is necessary that u, » be
much smaller than the reference velocity U. The vector diagram for the velocity of
C is thus of the form shown in Fig. 10,32, with f a small angle. That is

v=(T+u)p=0p (10.144)
Ve (@ruy +a?2 G
B Re = (10.145)

where both of these quantities are constant. Thus » = 0 = #, as assumed when Equa-
tion (10.133) was derived.
The expression for 7'/{. becomes infinite if

Ny(¥r—m'y = Ny¥y=0. (10.146)
This, then, is the condition € = 0 that marks the stability boundary.

Fig. 10.32

10.7.3 The Circle Manoeuvre

The circle manoeuvre is the most primitive of the standard trials evolutions. As it is
mainly for surface craft, it is conducted in a calm sea when there is little wind. The
manoeuvre is commenced with a straight run at constant speed. With the throttle
settling constant, some chosen rudder deflection { is applied, and the trial consists
of determining the subsequent path of the vehicle during a change of heading of
360°. The trial is repeated for different throttle settingst and different values of {..
A number of techniques (e.g. the sighting of a free buoy) are available for tracking
the model or ship.

Once the path has been found and plotted as in Fig. 10.33, the following measure-
ments can be made:

tactical diameter;
advance (after 90° change of heading);
transfer (after 90° change of heading).

In addition, it is usual to determine
time to change heading by 360°.

Also, after steady turning conditions have been achieved, it is usual to record
speed ahead;
drift angle;
angle of heel (by photographing a ‘vertical’ pole against the horizon).

+ During a circle manoeuvre, both the ship speed and propeller rotational speed may drop
markedly.
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Tactical diameter |

Transfer

1

Drift

~ angle

Advance

—

Rudder execute

Fig. 10.33 The circle maneouvre.

These data are used for the purposes of comparison with those of ‘successful’
designs. Sometimes, when these data have been recorded and the ship is still turning,
the rudder is restored to zero deflection and a ‘pull-out” manoeuvre is performed.

10.7.4 The Zig-zag Manoeuvre

The zig-zag ,as it was originally ived, is akin to the circle manoeuvre
in that it is astandard test the results from which are really only suitable for making
comparisons between vehicles. That is, the results originally had little intrinsic value.
They have, however, been used by Nomoto to evaluate the X' and T* indices [12].
The zig-zag is simple to perform, the only apparatus needed being a stopwatch
and a gyrocompass. An initial straight run is made at constant speed and then, with
the throttle setting kept constant, the rudder is set at 20° to starboard ‘as quickly
and smoothly as possible’. This rudder setting is maintained constant as the ship
changes heading. When the heading has changed 20° the rudder setting is reversed
to 20° to port, again ‘as quickly and smoothly as possible’, and this fresh rudder
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setting is held while the ship changes heading, When the heading has altered to 20°
in the opposite direction, the rudder setting is again reversed ‘as quickly and smoothly
as possible’.

The whole procedure is repeated four or five times, by which time a steady
periodic motion will have been achieved, and the rudder angle and heading are
recorded and plotted against time, as in Fig. 10.34. From the periodic portion of
the curve, measurements are made of overshoot, period, and time to overshoot.

The whole exercise is repeated for various throttle settingst and the variations of
the three parameters are then plotted and used in making comparisons with results
obtained from ‘successful’ designs. One of the major weaknesses of this technique,
which makes accurate comparisons difficult, is the fundamental obscurity of the
phrase “as quickly and smoothly as possible’.

Ovarshont

Y\ !/__}/T(\LF

Pariod
Time 10
averhacs

Fig. 10.34 The zig-zag manoeuvre.

10.8 Final Remarks

This chapter is only intended to give a bare introduction to the subject and it will
readily be seen that, even where linear theory is concerned, we have done little more
than scratch the surface. Perhaps the most obvious topics that have been left out
are:

stability theory;

a full discussion of impulse response functions;

nonlinear representations of fluid forces and moments;

solutions of nonlinear equations;

calculation of derivatives and the dependence of the accuracy needed upon the
degree of directional stability;

analogue techniques;

automatic control;

+ When steering indices K and 7 are determined from zig-zags, it is found that the values
vary from one manoeuvre to another, For this reason the International Towing Tank Confer-
ence (ITTC) now recommends that 10°—10° and 20°-10° zig-zags be performed, as well as
20°-20°. The 20° -10° manoeuvre is performed with rudder settings of 20°, but the rudder is
reversed whenever the ship’s heading has changed to 10° in the appropriate direction.
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special techniques for directional stability and control in restricted and shallow
water and for shallow immersion of underwater vehicles;

peculiarities of hovercraft and hydrofoils;

towing;

effects of waves;

the use of means other than control surfaces for control.

Moreover we have omitted all discussion of distorting vehicles, In short, this chapter
represents only an elementary introduction to a field of some size and complexity.

Appendix: Equations of Motion of a Rigid Vehicle with Body Axes whose Origin is
not at the Centre of Mass

Let the velocity of the origin A of the body axes shown in Fig. 10.35 be
U, = Uyl + Vof + Wakk.

Referred to the body axes AEn{, the position of a point P in the vehicle is given by
p=E+nj+ik.

In particular the position of the centre of mass C is given by
pc = kel +nej +{ck.

The equations of motion are derived elsewhere [14] and will merely be quoted here.

Fig. 10.35
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The three force equations are
X —mgsin® =m{(Uy +QWa - RV.)+(Qrc Rnc)
+A(Qnc + R¢c) —c(@® +R™)}
Y +mg cos @ sin ® =m {(V, +RU, - PW,) + (Rkc — Fic)
+ QRS + Pic) - nc(R® +P1)}
Z +mg cos @ cos d =m (W, + PV, — QU,) + (Pnc — Ofc)
*+R(Pic +Qnc) — i@ + 0%}
The moment about A of the momentum relative fo A is T

= ;p, x &mypy.

This expression may be reduced to the form
hy = hii +hpf + hik

hy T Iy
n|= -fne Iy —’n:
ht Iy

L= X (nf +thmy; Iy " }‘:.im:ﬁmj; etc.
i

where

>

in which

The three moment equations may now be written as follows:
K. +mg(ne cos 8 cos & — {c cos O sin &) = (A + Okt — Rhp)
+mnc Wy —$c¥a) + minc(PV, — QU,) — c(RU, - PW,)}
M, — mg(tc sin 8 + ¢ cos 8 cos &) = (hy + Rh} — Ph})
+m(Scl, —EcWa) +m{Ec(@Ws - RV2) - £V — QUL
N, +mg(¥c cos 8 sin ® + nc sin 8) = (h} + Phly — Qh})
+m(tcVy —ncla) +m|Ec(RU, — PW,) —nc(@Wa — RVa)
where K, Ma, N, are, respectively, the moments about Af, An, A of the net fluid

force.
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Notation

The wide range of subject matter covered in this book has necessitated the use of a
large number of symbols from both the Roman and Greek alphabets. Duplication
of symbols is therefore inevitable, occasionally within a given chapter, but the dis-
tinction between the meanings should be clear. In any event, all symbols are defined
within the text where they first occur, The following list of symbols, chapter by
chapter, is provided for the sake of convenience.

General

RS

Lwyr

Other Symbols

Go

o7o]

m

area
aspect ratio

weight per unit mass

Froude number

length between perpendiculars

length at still-water line

length overall

Reynolds number

forward velocity of vehicle (excluding Chapter 9)
weight (excluding Chapters 9 and 10)

weight displacement

immersed volume; volume displacement

dynamic viscosity

kinematic viscosity

density of fluid

air

liquid

water line
water; wetted

ordinary derivative
natural logarithm, that is logarithm to base e
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log logarithm to base 10

A an increment of

& a very small increase of

a partial derivative

Z summation

1x| modulus of x, that is the magnitude of x without

regard to its direction or sign

(bar) over letters identifying locations implies the
di b those locations; for ple BG
means the distance between B and G.

Chapter 2

D depth of frictional resistance

F centrifugal force

f frequency

H wave height

h depth of water from free suiface

K bulk modulus

L lunar force

Q rate of heat transfer per unit area of the sea surface.
Subscript s refers to solar radiation transferred to
ocean, subscripts h, e and b refer, respectively, to
convection, evaporation and back radiation from
ocean.

T tide raising force

t period

v mean velocity of particle at water surface

A wavelength. Subscripts d and s refer to deep and
shallow water respectively

Ost,p = (relative density —1) x 1000; in sife density

oy potential ‘density”

Other symbals are defined in Table 2.2.

Chapter 3

AwL water-plane are of hull

A water-plane area of body
a see Fig. 3.38; width of jet
B beam

Google e
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C
Ce
Ca

(=
d
E
Fa

Fp
Fr

Google

moment (for changes of trim)
contraction coefficient

=Cy x C¢, discharge coefficient
velocity coefficient

distance moved by deck weight
Young's modulus (modulus of elasticity)
aerostatic force

buoyancy force

thrust

height

daylight clearance; distance BG

second moment of area of water-plane section
about the neutral axis

radius of gyration

perimeter of nozzle

bending moment

moment to cause trim

mass flow rate

tensile force; contact force

pressure

ambient (atmospheric) pressure

cushion pressure

force/unit length of a prismatic vehicle
buoyancy force/unit length

gravity forcefunit length

hydroynamic force/unit length

inertia force/unit length

radius of curvature of buoyancy curve
shear force; planform area of hovercraft
draught

draught aft

draught forward

tonne force (ton force) parallel immersion
trim by the stern (= T, — T¥) or trim by the bow
(=Tg — Ta); time interval

jet velocity

hull deflection relative to water plane
weight (see Equation (3.2) for components)
movable deck weight



Chapter 4
A

Ao

A

a

a,4y,d;,43, . - .

B

bbby, babs, ...

c
Ca
Ca

Google

Notation | 569

distance along prismatic vehicle

distance from neutral axis

distance below interface

angle of rotation

small angle of trim or tilt (positive when bows up);
angle of nozzle of hovercraft (see Fig. 3.43)
density (i.e. mass/volume)

relative density

direct stress

shear stress

finite angle of heel (positive to starboard)
small angle of heel (positive to starboard)

refers to pressure hull of submarine

a right-handed frame of reference fixed to the
Earth with OXY horizontal and OZ pointing
vertically downwards.

a right-handed set of body axes with O at the
centroid of the water-plane section. Before the
application of required ang di

about Ox or Oy, Oz points vertically downwards.

a right-handed set of body axes with A placed at
any convenient point, Before the application of
required linear and angular displacements about
AE or Az, A{ points vertically downwards.

area

area of orifice

area of flow some way upstream of orifice

linear acceleration

exponents

beam of vehicle

exponents

velocity of propagation of water waves

= szjK, Cauchy number

(dimensionless) coefficient of discharge of orifice
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Cp (dimensionless) power coefficient

Cr (dimensionless) resistance coefficient

c velocity of propagation of sound waves

cf =74/4p¥?, local skin-friction coefficient

cp = ApfhoV?, pressure coefficient

€1€14€24€3,5 000 exponents

d internal diameter of a pipe of circular cross section;
exponent

F force in prototype system

Fr = V/s/(gl), Froude number

f force in model system; friction factor of pipe

h head over orifice

hy head lost to friction

K bulk modulus of elasticity of fluid

K;,K3,K; (dimensionless) coefficients

k number of fundamental magnitudes

13 mean height of surface roughness

ky, ka, k3, ... (dimensionless) coefficients

L fundamental magnitude of length

I characteristic length; length of pipe

M fundamental magnitude of mass

Ma = Vfe, Mach number

N wave frequency

n number of magnitudes influencing the behaviour of
a system

ny,n3,R3,...,M0, RNy, A, ... NUMETICS

P power

P static pressure

Ap difference of static pressure

Ps atmospheric pressure

Py vapour pressure of liquid

ap, =p-py

Ap* drop of piezometric pressure in pipe; over orifice

0,01,0:,03,... magnitudes of physical quantities

Oy volume flow rate through orifice

q number of fundamental magnitudes

R resistance

R resistance per unit surface area of pipe

Re = Vlp/u, Reynolds number

Google INIVERSITY OF CALIFORN
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Chapter §
A

Am
Amax

B

b
C,C3,Cy

Goc 3[C

Notation [ 571

= (gh)"/%lp/p, Reynolds number of orifice
length scale factor

fundamental magnitude of time interval
draught

time interval

units of measurement

mean velocity of fluid in pipe

critical mean velocity of fluid in pipe

= V(plfy)"*, Weber number

surface tension at air—water interface
ratio of forces in model system to corresponding
forces in prototype system

dimensionless parameters

=(p - py)/ApV?, cavitation number
shear stress

shear stress at solid surface

(with and without numerical subscripts) ‘some
unknown function of®

(with and without numerical subscripts) ‘some
unknown function of’

*having the dimensional formula of”

arising from elasticity

arising from gravity

arising from inertia

refers to model

refers to prototype

arising from difference of pressure
arising from shear

arising from surface tension

area

crass sectional area at midship transverse plane
maximum cross sectional area of submarine
beam

half-breadth of control volume

coefficients
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CaA

Cr
Crorm
Cr,
Cpv
Cr

Cr

Cv

Cw
(CT)!IB
CI.")
Capp
Cane
Cice
Con
‘p

dmax

Fp
Fr
Faero

Lapp
Pr

Pa

Google

correlation allowance (coefficient)

skin-friction resistance coefficient

form resistance coefficient

‘basic’ two-<limensional, skin-friction resistance
coefficient

viscous pressure resistance coefficient

residuary resistance coefficient

total resistance coefficient

viscous resistance coefficient

wave-making resistance coefficient

total ‘ship—propeller’ resistance coefficient
aerodynamic resistance coefficient for above-water
profile

appendage resistance coefficient

attitude resistance coefficient

ice resistance coefficient

propeller—hull interaction coefficient

=(p — p=)ftp¥?, local pressure coefficient

drag force

maximum diameter of submarine

energy dissipation per unit weight

fluid dynamic force resulting from motion of
wvehicle

buoyancy force

total fluid force

aerodynamic force

fluid force in a direction perpendicular to that of
motion of vehicle

total energy per unit weight

depth of control velume below still-water level
thickness of ice

height of superstructure

=r-1

lift force

virtual appendage length

aninteger 1,2,3,...

towing force

local static pressure

atmospheric pressure at air—water interface



u, v, w

Uabs
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stagnation pressure
reference static pressure
local velocity at surface in inviscid flow
resistance

skin-friction resistance
pressure resistance
viscous pressure resistance
residuary resistance

total resistance

viscous resistance
wave-making resistance
aerodynamic resistance
ice resistance

overall resistance
=1+(Crorm)/CF,
surface area

transverse projected surface area of above-water
profile

wetted surface area of appendages

=Sapp +Sw

wetted surface area of hull

thrust

steady velocity approaching a flat plate

local velocities of fluid in Ox, Oy, Oz directions
respectively

=u—¥

=¥+ V', forward velocity of vehicle

steady component of forward velocity
time-dependent component of forward velocity
velocity of air relative to ship

wave height measured relative to the still-water
level

angle between wave crest line and direction of ¥
value of § for divergent waves

value of 8 for transverse waves

wavelength

=Acos® 8

density of ice

flexural yield stress of ice
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Subscriprs

M refers to model

P refers to prototype

t theoretical

v viscous effect

w wave effect

Axes

Oxyz a set of body axes with plane Oxy horizontal, Oz
measured downwards and Ox in the direction of V.

Chapter 6

The following are common throughout this chapter.

T thrust of propulsor

’ denotes quantity evaluated per unit length or width

Planing Craft

AR =B%/S, aspect ratio

B mean wetted beam

Cy = Wl py V252, vertical supporting force coefficient

C, (=Cr)=F.ApwV*Sw

e, =Fiiowb’l

Co value of Gy at =0

cp =(p — Pa)/Apw¥?, pressure coefficient

Fr = V/\/(gbw), Froude number based on wetted beam

Fy buoyancy force

Fry = ¥/x/(gLwy), Froude number based on length at
still-water surface

Fn hydrostatic force

Fy pressure force

Fy skin-friction force

Fy vertical dynamic supporting force

Fry = VAf(g¥"?), Froude number based on immersed
volume

K defined in Equation (A.6)

Lwi hull length of boat at rest measured in the still-
‘water surface, that is length at water line

I characteristic length

Google
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Ig, I, Ix distances defined in Fig. 6.12(a)

Ip projected chine length

Iw wetted length

L mean wetted length

m defined in Equation (A.7)

n defined in Equation (A.8)

P pressure

Pa bient (atmospheric) p

q local velocity

Re = pu VT Juw, Reynolds number

R hydrodynamic resistance

Ry total resistance

s plan area of wetted surface

Sw area of wetted surface

z distance measured vertically downwards from the
still-water surface

ZH, IT distances defined in Fig, 6.12(a)

3 angle of trim

a+g inclination of Fp, to the vertical

oty inclination of Fy, to the vertical

[i] deadrise angle

F mean deadrise angle

§ depth of stagnation streamline below still-water
surface

A = T /bw = (R)"

Hydrofoil Craft

AR =b?/s, aspect ratio

aiy slope of section lift curve ata=0

b span of hydrofoil

Cp;Ch total drag coefficient for hydrofoil; craft

(:‘1,1;(2'5l induced drag coefficient for hydrofoil; craft

Cpo;Cﬁo profile drag coefficient for hydrofoil; craft

CL;C? lift coefficient for hydrofoil; craft

Cr, lift coefficient for hydrofoil at =0

Cﬂmp increment of lift coefficient for craft arising from
flap deflection

sz Lift coefficient at take-off for craft

Google
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Ca

G

Gy
Cﬂ'c,'a

[

Cp
D;D*
Dy; Dy
DIE]'D
Dy; Dy
Do; D}

Lo

laslaero, It
Pdn
P

Pv
Pw=
Re

S

s*
Sto

t

Ve
Vo
Vio
Vies
¥

x

Google

drag coefficient for hydrofoil section

1ift coefficient for hydrofoil section

1ift coefficient for hydrofoil section at a =0
section moment coefficient about quarter-chord
point

chord length of hydrofoil

= - p=)tow??

total drag force for hydrofoil; craft

drag force on aft; front hydrofoil
aerodynamic drag for hull of craft

induced drag for hydrofoil ; craft

profile drag for hydrofoil; craft

= ¥/\/(gLwr), Froude number

pressure force

depth of immersion of lower tip of hydrofoil
total lift force for hydrofoil; craft

hull length of boat at rest measured in the still-
water surface

lift force on aft; front hydrofoil
aerodynamic lift force for hull of craft
+B/2
=§ PwVoldy =L secoy
~bf2
distances defined in Fig. 6.41
design power from propulsors
pressure
vapour pressure of water
pressure at an upstream reference position
= p¥efu, Reynolds number
plan area of hydrofoil
total plan area of hydrofoils on given craft
total plan area of hydrofoils at take-off
thickness of hydrofoil section
critical velocity at which cavitation commences
= Vsecay
take-off velocity
design forward velocity
downwash velocity

distance measured along chord line from the lead-
ing edge of hydrofoil



¥y
Zn,Zaeros I0,IT
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Alr-Cushion Vehicles (ACV)

A

a

C Dpr
‘n
Dt
Dw
D;
D
Dy,
Dow
Dyyer
Fr
Fe
F
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coordinate along span centred at mid-span
distances defined in Fig. 6.41

angle of incidence (attack) of hydrofoil
=arctan (v/¥)

value of a for which C;/Cy is a maximum
ca—gq

value of & for which flow separation (stall) occurs
incidence angle at take-off

circulation of vortex strength

maximum value of '

dihedral angle

density of liquid; of water

=(p — py)/howV?, cavitation index
critical value of o

augmentation ratio

width of nozzle outlet

profile drag coefficient

=(Pc - Pa)/Apavi, cushion pressure coefficient
total drag force

wave-making drag force

induced drag force

momentum drag force

profile drag force

over-wave drag force

wetting drag force

= ¥/»/(gl), Froude number

aerostatic cushion force on base of ACV
jet force on nozzle of ACY

pressure force

vertical supporting force

daylight clearance

a constant

acrodynamic force on superstructure
length of pressure disturbance

mean length along periphery of nozzle
mass flow rate of air through lift fan
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n
P
Pn
P
Pa
Pe
Pn
P
Pw

Google

integer 0,1,2,. ..

total installed power

nozzle power

pressure in jet

ambient (atmospheric) pressure
cushion pressure

pressure at nozzle exit plane
total pressure in jet

pressure at surface of water depression below air
cushion

radius of curved jet

inner radius of curved jet

outer radius of curved jet

plan area of base of ACV measured to inside of jet
surface area of water depression below air cushion
frontal area of vehicle projected in direction of V'
local velocity of air in jet

welocity of particle on inner radius of jet

local velocity of air in nozzle

velacity of particle on outer radius of jet

payload

=(a/h)1 +cos 8)

angle of trim (attitude)

slope of water depression below air cushion

angle of nozzle measured inwards to horizontal
optimum nozzle angle for maximum A,

density of air

noermalized fuel cost

transport efficiency

= er’M, area of propeller disc

area of nozzle cross section

axial inflow factor

rotational inflow factor

=(T — Rt)/Rt, augment of resistance fraction
axial inflow factor for ‘disc in wake”

axial propeller-race velocity factor
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Cr
Cr
‘p

“Pmin

Frp

H'EF?,

hJ
L]
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rotational propeller-race velocity factor
correlation allowance

=T/4pA VE, propeller disc thrust-loading coefficient
= T/os¥?

chord length

=(p - p;)/4pV4, local pressure coefficient
minimum value of the local pressure coefficient
drag force; diameter of propeller

= Va/\/(gD), Froude number of propeller

radial fluid force on propeller blade.

energy per unit weight of fluid supplied by pump
difference in elevation between nozzle and intake;
depth of immersion of propeller axis

elevation of jet above still-water surface

total loss of energy per unit weight of fluid in
hydraulic-jet system

moment of inertia of particle about axis of actuator
disc

= Va/nD, coefficient of advance

= Q,’pnzDs , coefficient of torque

= T/pnz.!f,cnefﬁclent of thrust

=hi/(¥?|28)

lift force

mass of fluid

rotational speed of propeller (revolutions/time)
blade pitch

shaft power delivered to propeller

effective power to propel vehicle

total input power to actuator disc in open water
total input power to actuator disc in wake

power supplied to fluid by actuator disc

output power absorbed in propelling actuator disc
power supplied by pump

local static pressure

static pressure rise across actuator disc

static pressure on the upstream extension of a pro-
peller axis

ambient static pressure at air—water interface
minimum value of local static pressure
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Po
Pr
Pv
Q
R

™ -
g33®P™gR T TSz

3 3
=]

=
=1

Google

static pressure on surface of stream tube

local reference static pressure

vapour pressure of liquid

propeller torque

= D{2, radius of propeller

total resistance of vehicle without propeller
total resistance of vehicle with propeller
=R}-T

= pDV¥}, fu, Reynolds number of propeller

local radius of propeller

radial distance to hydrodynamic centre

wetted surface area of hull and appendages
thrust of hydraulic-jet propulsor; thrust of

disc; thrust of propell:r plu:-ducl thrust of pro-
peller

thrust of propeller alone for ducted arrangement
time average thrust

fluctuating component of thrust

=(T - Rt)/T, thrust deduction fraction
velocity of advance of propeller relative to upstream
fluid

relative velocity of fluid

velocity of jet relative to vehicle

radial velocity at actuator disc

=(V — Va)/V, Taylor wake fraction

= ¢ — f, angle of incidence

=¢ — f§, nominal angle of incidence

angle of advance

defined in Fig. 7.17

circulation

propulsive efficiency of hydraulic-jet system

= TVa 2110, efficiency of propeller behind hull
=RrV/TVa =(1 —1)/(1 — w), hull efficiency
=ToVa/2mnQp, open-water efficiency of propeller
=ns/no = QoT/QTo, relative rotative efficiency of
propeller

=RtV/2mQ =nomune, overall efficiency of
propeller (often referred to as quasi-propulsive
coefficient)
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ideal propulsive efficiency of actuator disc
maximum efficiency

=Kg/J* = nCr/8

=WV

dynamic viscosity of fluid

density of fluid; of water

= (p — py)/tpV#, cavitation index

=(pe —Pv)APVE  local cavitation index
= (@ - py)/ip¥3, nominal cavitation index
= Tp/T for ducted proepller

angle of pitch

angular velocity of propeller

angular velocity of particle at radiusr

refers to a model propeller geometrically similar to
prototype (in Section 7.8)

refers to model
refers to open water
refers to prototype

centre of curvature of circular path

= 2R, effective aspect ratio

=4pl(3Cz/0M)p=0

span

spanwise distance of H from root of control surface
centre of mass

=DfApU or D4pSU*, drag coefficient
cross-flow drag coefficient

minimum drag coefficient (at @ = 0)

= LApUP or LApSU? , lift coefficient

moment coefficient about quarter chord for all-
movable control surface

=Mc/ApV3P, moment coefficient
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Cr
Cx
Cy
Cz

S3mo-e

Google

total resistance coefficient for reference motion
=X/4p¥*?, longitudinal force coefficient

= Y/hp¥?1?, side force coefficient

=ZfaV* i, vertical force coefficient

chord length

drag force

fluid force

= V/\/(gl), Froude number

torque applied to control surface to maintain
equilibrium

hydrodynamic centre for translational parasitic
motion

height of centre of buoyancy above centre of grav-
ity of submerged submarine

hydrodynamic centre for rotational parasitic
motion

lift force

characteristic length

moment of fluid forces about axis through C

moment of fluid forces about axis of rotation of
control surface

mass of vehicle

=m/fipl®

fluid force applied to control surface in direction
of longitudinal axis Cx of vehicle

fluid force applied to control surface transverse to
longitudinal axis Cx of vehicle

=opplv?

Hydrodynamic centre of rudder

= p¥lju, Reynolds number

critical point determined by Xxcriy (see Section
8.5.2(b))

plan area

thrust of propulsor

mean draught

maximum thickness of hydrofoil section

velocity of centre of mass or hinge of control
surface

reference velocity of vehicle
velocity of translation
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fluid force in direction Cx (with prime; per unit
span)
distance from C to Q (negative when aft of C)
distance from C to Q (positive when forward of C)
distance CH (positive when H forward of C)
distance CJ (positive when J forward of C)
distance CR (positive when R forward of €)
see Section 8.5.2(b)
=xufl
=x3fi
=xgpfl
distance from C to line of action of net force Q on
hydroplanes (positive when { forward of C)

fluid force in direction Cy (with prime; per unit
span)

=(3Y1/3Q)qa=-0

fluid force in direction Cz

angle of incidence of control surface

angle of incidence of vehicle, or body in general
angle between U and Cx axis of vehicle

trim angle (inclination of Cx to 1)
sweep angle

= ¢y fey, taper ratio

angle of deflection of control surface

angular velocity of vehicle

= Qv

mean value

after
forward
located at H
located at J
rudder

root

tip
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Axes

Where body axes Cxyz are used, C is the centre of mass, Cx points forward, Cy
points to starboard and Cz points downwards in the vehicle’s intended attitude.

Chapter 9
This is a principal ion and excludes brief duplicated use of some parameters as
dummy variables. Notation of the Appendices is also excluded.

A area of material in hull cross section

A structural mass matrix

A added mass matrix

a radius of sphere; wave amplitude

B structural damping matrix

B added damping matrix

b d i radius of cylinder; half beam of
hull

c centroid of cross section

C structural stiffness matrix

C kth Fourier coefficient specifying effect of wake
distribution

Cv,Cu coefficients of added mass in symmetric and anti-
symmetric hull vibration

Cr coefficient of added moment of inertia of hull

c added stiffness matrix
distance of C from shear centre

d draught

E Young's modulus (modulus of elasticity)

Fy hydrodynamic force per unit length

F applied force matrix

F, bearing force in direction Oy

F force applied by flowing fluid

f applied force (excluding mean value)

f matrix of generalized forces

& dimensionless force

1 second moment of area of section about neutral
axis

Iy polar second moment of area about centroidal axis

J three-dimensional correction factor for Cy and Cy;

concentrated moment of inertia

Google IVERSTI OF CALIFGRRA
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keel

torsional stiffness

warping stiffness

stiffness matrix

stiffness; wave number

see Fig. 9.3

length of beam segment

bending moment

see Equation (9.79)

mass matrix

mass

number of propeller blades

number of degrees of freedom; number of elements
point force

principal coordinate

generalized force

applied force per unit length (see Fig. 9.16)
matrix of generalized displacements

real part

see Fig. 9.3

shear force

perimeter of wall

kinetic energy; twisting moment

fluid kinetic energy

time interval; wall thickness

velocity (see Fig. 9.2)

velocity (excluding mean value)

potential energy

beam deflection in direction Oy

work done by external forces

horizontal displacement in direction Oz of shear
centre

displacement (see Fig. 9.2)

displacement; distance along axis of beam or hull
value of x at stern bearing of ship

coefficient of added mass; receptance

coefficient of added mass in horizontal motion
coefficient of added damping; local blade helix
angle (see Fig. 9.3(a)); root of frequency equation
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Superscriprs

Chapter 10

A
A, B CEF,

CLiCL
Fr

Fy

Google

coefficient of added stiffness; (Elfm")"/?

a small number

direct flexibility at tip slope of a cantilever; wave
depression

cross flexibility between tip slope and tip deflection
of a cantilever

slope of beam (3v/ax or dw/dx)
angle between st and nth blades of propeller
wavelength

direct flexibility at tip deflection of a cantilever;
dimensionless coordinate

density

rotation of beam; characteristic mode shape
flexibility in torsion

angular velocity of propeller

frequency of excitation

amplitude of quantity; mean value

quantity augmented by added mass; transpose of
matrix

coefficient

arbitrarily selected origin of body axes
dimensionless constants formed from slow motion
derivatives (see Section 10.6.4)

matrix of inertial constants

distance abaft C of hydrodynamic centre of rudder;
skeg

matrix of damping constants

centre of mass

matrix of stiffness constants

lift coefficient of rudder; skeg

operator d/d¢

Froude number

total externally applied force

hydrodynamic force applied to a control surface
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rudder force

force transmitted to control surface by its stock
total moment of external forces about C
moment of Fy, about axis of stock

torque transmitted to control surface by its stock

moments about C of forces applied to a model by
a PMM

height of centre of buoyancy of a submerged vehicle
above C

moment about C of absolute momentum

matrix of moment about C of absolute momentum
components of k in directions i, j, k,

unit vectors in directions OX, OY, OZ

matrix whose elements are moments of inertia and
(minus) products of inertia

moments and products of inertia

unit vectors in directions Cx, Cy, Cz

Nomoto steering index

components of G in directions 7,J, k

length of vehicle

distance of C from point of attachment of PMM
mass of vehicle

impulse response functions relating AV to anti-
symmetric disturbances

components of §2 in directions 7, J, k (i.e. angular
velocities of roll, pitch and yaw)

abbreviation for ‘planar motion mechanism’
small components of 1 in directions T, , k
matrix of generalized forces

matrix of generalized coordinates

= wlo, amplitude of pitch velocity in sinusoidal
motion

Reynolds number

position of general point in vehicle referred to axes
XYz

radius of path of C

position of C referred to axes OXYZ

position of a point in vehicle referred to axes Cxyz
see Fig. 10.21

orientation matrices defined in Section 10.3.1(a)
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¥ il
t
U
Uv.w

u, v, w

Vo
Weo
XYz

¥y(w)
Yulr), yir), yo(7)

Yy(0)

Yy(0)

Zw(w)
Zw(r)

ES 24
Z.(0)

Zw(0)
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A
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Nomoto steering index

time interval

velocity of C

components of U in directions 7,7, k

small departure from steady reference velocity
components of u in directions7, f,

= wye, amplitude of sway velocity in sinusoidal
motion

= wzg, amplitude of heave velocity in sinusoidal
motion

components of F in directions 7, J, k (note usually
refers to fluid forces only)

= ¥R(w) + Y4 (), Fourier transform of y,(r)
impulse response functions relating AY to anti-
symmetric disturbances

= lim, [¥3%)]

w0 w
= ZR*(w) +iZ 1™ (w), Fourier transform of z,,(7)
impulse response function relating AZ to heave
velocity disturbance
components of 7 in directions7,j, k; also x = [udt,
y= rvdt,z=f wdt
= lim [Z3°(w)]

w0

km
i (zw (u))
w=0 w

angle of incidence of control surface

stability indices (see Section 10.7.1)

angle of incidence of hull

increment (e.g. AX) associated with small departure
from reference motion

see Section 10.5.2(b)

control-surface deflections about axes in directions
7,k (i.e. hydroplane and rudder deflections)
constant rudder deflection

coordinates used in Appendix

distance AC (see Appendix)

see Fig. 10.35

time
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angle of ‘swing’, tilt” and ‘heel”
small angles of *swing’, tilt’ and ‘heel”
angular velocity of vehicle
forcing frequency

time derivative, order signified by number of dots
unit vector

refers to steady reference motion

oscillatory coefficient

relates to equilibrium axes; as a subscript refers to
‘steady component”

non-dimensional

after
refers to centre of mass
forward

denotes component of force in phase with oscilla-
tory displacement

refers to model

amplitude

refers to prototype

denotes component of force in quadrature with
oscillatory displacement

as prefixes: contribution of rudder; skeg

refers to directions Cx, Cy, Cz, respectively

body axes introduced in Appendix

body axes parallel to Cxyz

body axes fixed to vehicle as in Fig. 10.1
equilibrium axes (i.e. body axes attached to a
vehicle that only performs a reference motion)
Earth axes with plane OXY horizontal and OZ
pointing downwards.
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Absarption of light, 27
Accelerometer, 173
Actuator dise, 353

axial flow, 353

ducted propeller, 358

ideal efficiency, 355, 360, 361

open propeller, 353

in open water, 357

rotational flow, 360

thrust coefficient, 356

in a wake, 357
Added damping, 469, 479, 487, 489
Added mass, 446, 471,477, 489,490
Added moment of inertia, 469, 487, 488
Added stiffness, 469
Aerodynamic supporting force, 307
Aeroelasticity, 440

" 267, 268, 290
Aecrostatic supporting force, 102, 104, 298,
3

i fi
)

After cut-up (ACU), 90, 196
Adileron,
Air cushion vehicles (ACY), 57, 102, 298
external loading, 129
hovercraft, 102, 244, 298
peripheral (annular) jet craft, 104, 298
plenum chamber craft, 103, 298
side wall, 298, 320
Air properties, 21
Airship, 185
Anhedral, 295
Angle of incidence (or attack), 271, 272, 400
effective, 365
nominal, 364, 365
Anticyclone, 35
Antisymmetric motion of uniform beam, 479
added mass, 485
cross receptance, 485
free vibration, 479
torsional stiffness, 481
warping stiffness, 481
Aspect ratio
effective, 435
geometric, 226, 250, 278,412, 435
Augment of resistance fraction, 367

Google
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Augmentation ratio, 308
Axial inflow factor, 353

Beam, 95, 162
Beaufort Scale, 41
Blade area ratio (BAR), 375, 387
Blasius equation (for laminar flow over flat
plate), 225
Block coefficient, 98, 195
Bluff body, 20
Bonjean curves, 162
Bound vortex, 270
Boundary layer, 146, 189
laminar, 191, 192
Pranddl hypothesis, 189, 194
separation, 192, 275
thickness, 189
turbulent, 191, 192
Buoyancy
centre of, 63
cross curves of, 71
curve of, 73
evolute of curve of, 74
force, 58, 62, 185
surface of, 68
Bulbous bow, 221

Canard configuration, 267, 268, 290
Cauchy number, 159
Cavitation, 158, 164, 171
number, 159, 164, 282
on hydrofoils, 282
on propellers, 350, 387, 388
supercavitation, 283
Cavitation on propeller, 380
back cavitation, 382
cavitation index, 380
face cavitation, 381
full (super) cavitation, 382, 389
local cavitation index, 380
Centre of flotation, 65, 92
Centre of gravity, 60
Centre of pressure, 246
Centroid, 63
Chine line, 250
Circle manoeuvre, 417
(Circulating water channel, 179
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Circulation (about hydrofoil), 268
control on propeller blades, 388
Clearance, 298
daylight, 300
‘Climatic conditions, 42
Continental shelf, 11
slope, 12
Control surface, 396, 406, 542
derivatives, 546
motion of, 543
Contouring, 287, 288, 323
Convection, 14
Conversion factor, 7, 135
Coordinates, 496
imposed deflection, 496
orientation, 498
rigid body, 496, 497
Coriolis effect, 33
Correlation allowance, 211, 226
Corresponding speed, 163
Critical point (of submarine), 427
speed, 431
Cross receptance, 474, 485, 491
‘Cushion, 298
‘Cushion-pressure coefficient, 305
Cyclone, 35, 38

Deadrise angle, 250
Deep-ocean circulation, 46
Deep-sea bottom, 12
Depth of frictional resistance, 46
Design, 1
Dicothermal layer, 24
Dihedral, 295
Dimension, 137
Dimensional analysis, 139
dependent variable, 140
independent variable, 140
‘Pi" theorem, 141
Rayleigh's (indicial) method, 139
recurring set, 141
Dimensional formula, 137
Dimensional homogeneity, 135, 139
Directional stability, 414
Dispersion of light, 26
Distorted model, 134
Docking, 90
Doldrums (Intertropical front or convergence
zone), 34
Double-hull model, 195, 215
Downwash velocity, 278
Dracones, external loading, 129
Drag force, 186, 268, 400, 410
calm water, 320
coefficient, 280
coefficient for control surface, 410,437
form, 297
induced, 256, 278
induced (drag) coefficient, 280, 318
momentum, 318

Google

over-wave, 320
profile (drag) coefficient, 280, 318
section coefficient, 273
wave-making, 298, 319
wetting, 320
Draught, 91, 95, 162
Drift (sway), 498, 509
*Dry land® problem, 440, 448, 486, 489
Ducted propeller, 350
Kort nozzle, 350
pump jet, 350
Duhamel (convolution) integrals, 518
Dynamometer
resistance, 167
strain gauge, 167

Economic efficiency, 331
Effective power, 376
Ekman spiral, 44, 344
Elevator, 396

Equilibrium
stable, 76, 77
static, 76
unstable, 76, 77
Equations of motion
for parasitic motions, 510
roll, pitch, yaw, 509
surge, drift, heave, 508
Equilibrium vehicle, 525
Euler angles (modified), 499, 502
Evaporation, 14
External loading
by hydronamic forces, 124
by hydrostatic pressure, 126
by inertia forces, 124
Extinction, 27

Fatigue, 129
Fineness coefficient, 95
Fineness ratio, 162
Finite element techniques, 130, 131, 253,
474
Flaps
on hydrofoils, 290
trim tab (or wedge), 252
Flettner rotor, 344
Flow in pipes
Darcy’s formula, 154
friction factor, 154, 155
head "lost to friction”, 154
Lee's formula, 155
Nikuradse relation, 156
Rayleigh's relation, 155
Reynolds’ relation, 154
Stanton and Pannell’s experiments, 155
Flow pattern, 149, 195
Fluid hull, 314
Forces
external, 107
internal, 107



Form effect, 229
Form factor, 229
for appendage, 236

Froude number, 159, 401

volume, 262
Fully planing régime 253,257, 266
Fully roused sea, 4

Gas turbine, 345
Generalized coordinates, 447
Geosims, 231

Geostrophic currents, 46
Gyre, 42

Hard angle, 250, 251
Halocline zone, 25
Hazd chine, “V*-bottom hull, 250
Heave, 498, 509
Heel, angle of 63
Helicopter, 57, 102, 105, 106
HMCS Bras D'Or, 185, 389, 391
HMS Greyhound, 232
HMS Penelope, 234
HMS Speedy, 291
Hogging, 116
Hollow (in resistance curve), 218
Homologous series (of models), 161
Horizontal motion (of interface vehicles), 527
Horse latitudes, 34
Horseshoe vortex, 276
Hughes® skin friction equation, 227
Hull efficiency, 371
Hump (in resistance curve), 218
main (or primary), 219, 266, 296, 320
prismatic, 219
Hurricane (typhoon), 38
Hydraulic jet propulsion, 345
efficiency, 347
Hydrodynamic centre, 363, 400
for control surface, 434, 437
for rotation, 403, 405
for translation, 400, 405
Hydrodynamic force, 245, 254
Hydrofoil, 267
Hydrofoil craft, 244, 267
external loading, 129
Hydrofoil geometry

leading edge. 272,273

mean (camber) line, 273

thickness, 273

trailing edge, 272, 273
Hydrofoil section moment coefficient, 274
Hydroelasticity, 440
Hydroplane, 396, 421,422, 434

balance angle, 423

no lift (inoperative) angle, 423
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Hydrostatic force, 253, 254
Hydrostatic stability, 77, 78
complete, 101
curves of, 8%
effect of partially filled tanks on, 82, 101
effect of small changes in geometry on, 95
longitudinal, 81
transverse, 81
«of uniform rectangular block, 96

Icebergs, 18

Ice breaking, 328

Impulse response function, 515, 518
Inclining experiment, 81

Inertia

moment of, 505

product of, 505
Interaction effects on resistance, 222
Inverse receptance, 521
Irrotational ﬂnw, 193, 268
Isopleths, 26
ITTC 1957 friction line, 227

Jet reaction force, 307
Jet stream, 33

Kirsten-Boeing propeller, 341, 342
Kites, 344
Kutta-J oukowski
condition, 271
Joukowski's hypothesis, 270
law, 269

Lagrange's equations, 445
Lift force, 186, 268, 400, 410
coefficient, 280, 410
coefficient for control surface, 436
depth effect, 282, 295
section coefficient, 273
total coefficient for hydrofoil craft, 290
total for hovercralt, 317
Lifting-line theory, 21’1
Light transmission, variation with depth, 26
Loading
buoyancy, 111
gravity, 111
Loll, angle of, 85
Lucy Ashton, 232, 233

Mach nnmber, 159, 160, 401
5

dimensionless (non-dimensional), 138
fundamental, 136
Main stream, flow in, 192
Manoeuvres, 555
circle, 560
pull out, 556
spiral (Dieudonné), 557
zig-zag (Kempf), 561
Manoeuvring, 527
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Manoeuvring tank, 172
MCT, 93

of expanded polystyrene, 182
of glass reinforced plastic, 182
of wax, 181
of wood, 181
Moment coefficient
for control surface, 437
for vehicle, 402
Momentum analysis
deeply submerged vehicle, 201
wvehicle at interface, 204
Myklestad-Prohl method, 471

Neutral point, 426
Notation, 566

Occluded front, 35
(1]

Oceans, 1
Orifice, 133, 139, 142, 144
coefficient, 134, 144

Ordinary algebra, 135

Oscillatory coeflicients, 515, 517
for submarine in heave, 535
for submarine in pitch, 536
from model tests, 533

Panels, 122

Parallel sinkage (rise), 64

Parasitic motion, 397, 511
antisymmetric, 450
draft (sway), 398
heave, 398
pitch, 398,422
symmetric, 450
yaw, 398

Pathline, 148

n

aft, 92

fore, 91

length berween (perpendiculars), 92
Physical algebra, 135
Pitch, 498, 509

ratio, 375

Planar motion mechanism (PMM), 175, 518,

533, 53
comments on use of, 540

Planing craft, 244, 245
Platforming, 287, 288, 323
Plough in, 317
Polar easterlies, 34
Polynyas, 18
Porpoise motion, 261

Potential function (velocity potential), 193,
196

Google

Power, 160
coefficient, 160, 234
Prandtl-Von Karman equation (for turbulent
fNow over MNat plate), 225
Pressure coefficient, 194
Pressure hull, 127
Pressure, variation with depth, 22
in siru value, 23

Pycnocline zone, 26

Rafting, 18
Resistance, 160, 187, 199
namic, 236

2
total, 199, 203, 207, 208, 214, 223
viscous, 200, 208
vl-e;;; pressure, 199, 200, 208, 209, 214,

wave-making, 196, 200, 214, 216, 217,
256

Resistance coefficient, 160
aerodynamic, 235, 236
appendage, 235, 236
attitude, 223, 235
form, 229
ice, 236, 239, 240
propeller-hull, 235, 236, 238
residuary, 216, 224
skin-friction, Zﬂl. 215, 224, 227, 259
total, 208, 215,2

viscous pressure, 208 215,224
wave-making, 215, 224

Reynolds number, 159, 401

Ride quality, 326

Righting moments
cross curves of, 88
curves of, 84

Ring vortex, 306

Rocket motor, 338

Roll, 498, 509

Root vortex, 364

Rotating arm, 175

Rotational inflow factor, 361

Round-bottom (round bilge) hull, 250



Rudder, 396, 542
area coefficient, 432
balanced, 419, 432, 438
gnomen (skeg), 421
maximum deflection, 432
number, 432
position, 417, 551
size, 432
and skeg theory, 549
spade, 406, 410, 421, 434
speed of operation, 432
Run in point, 229
Sagging, 116
Sails, 342
Salinity, variation with depth, 25
Scale, 134
factor, 146, 152, 163
Scale effect, 161
Schoenherr (ATTC 1947) friction line, 226
Screw propeller, 349, 362
back of blade, 364
behind-the-hull d’rmner, 370
cavitation on, 3
controllable phch (CP), 387, 390
face of blade, 364
fow separation on, 370
open water efficiency, 370
overall efficiency (quasi-propulsive
coefficient), 371
relative rotative efficiency, 370
vibration of, 370, 387

Sea ice, 17
fast, 18
floes, 18
flow (sheet), 18
frazil, 18
pack, 18
pancake, 18
slush, 18
Seakeeping, 322, 496
Sea mounts, 12
Sea water, properties, 16, 21
Section coefficient, 162
Self-propulsion point, 375
Shalt vibration (flexural), 490
Shaft vibration (longitudinal), 489
excitation, 489
natural frequencies, 490
principal modes, 490
systems, 489
Shaft vibsation (torsional}, 486
excitation, 487
forced, 488
natural frequencies, 488
principal modes, 488
system, 487
Shear stress, 189, 190, 192
Ship (hull) girder, 116, 470

Go
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Shore, 11
Similarity
dyrmmc 150

geometric, 146
kmenutw, 147, 150
physical, 145
Singing, 450
Skeg, 419
Skin friction
drag, 190
force, 190, 254
Skirts, 300, 315
fingers, 314
jupe, 315
Slamming, frontispiece, 173
Slenderness ratio, 212, 262
Slow motion derivatives, 515, 516
comments on measurements, 533
rotating arm measurements, 531
towing measurements, 530
Small-water-plane-area, twin-hull (SWATH)
ship, 326, 330
Sofar, 30
Solar radiation, 13
Sonar, 28, 329
Sound channel, 30
Sound transmission, variation with depth, 27

Squat, 235
S Golar Nichu, 351
SS Great Britain, 349,421
55 Koningin Elisabeth, 234
S8 Meteor, 233
S5 Reine Astrid, 234
Stabilizer, 396
Stagnation point, 193, 194, 246, 269, 272
Stagnation streamline, 245
Starting vortex, 270
Steady flow energy equation, 207
Steady motion, 185
Steering indices, $52, 553
Stepped hull, 252
StifTened plates, 122
Stratification, 31
Streakline, 148
Streamline, 148
Streamlined body, 209, 212, 213
Strip theory, 130, 131, 469
Structural
deterministic analysis, 109
dynamics, 107
failure, 107
probabilistic (random) analysis, 109
statics, 107
Strut, 267
Surf, 49
Surface effect ship (SES), 320
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Surface currents, 42
Surface roughness, 146, 155, 156, 211, 212
Surge, 498, 509
Symmetric motion of uniform beam, 454
application to ships, 466
cross receptance, 474
damping, 478
forced vibration, 459
free vibration, 455
“long’ ship, 463
natural frequencies, 455
orthogonality of principal modes, 457
principal modes, 456
“Reed’ ship, 463
resonant encounter, 466
ship-wave matching, 466
wave excitation, 461
wave excited bending moments, 465
Synoptic conditions, 42
System, 133
gravitational, 136
mathematical, 133
model, 133
prototype, 133
Sweepback, 281
Swell, 49

Taper, 281
‘Temperature, variation with depth, 23
<,

zone, 24
Thermohaline circulation, 46
Thrust, 58, 185, 254, 339
‘Thrust deduction fraction, 368
Tides, 51

apogee, 53

equilibrium, 52

neap, 54

perigee, 53

spring, 54
Time history (memory) effects, 518
Tip vortex, 223, 276, 350, 364
Tarnado (twister), 39
Towing force, 187
Towing tank, 167
TPL 64,92
Trade winds, 34
Transfer matrix methods, 470
Transport efficiency, 331
Trench, 10, 12
Trim, 91
angle of, 63, 186, 253, 264, 290, 314
of submarine, 422, 423
Tropopause, 32
Troposphere, 32
Trough (of low pressure), 35

Google

Tucumcari, 348
Turbulence, 190
intensity, 192

Unit analysis, 110, 121, 130
Upwelling, 46

USS Albacore, 212

USS High Poinr, 291

USS Naurilus, 212

USS Plainview, 288

Vapour pressure, 380
Ventilation
on hydrofoils, 284
on propellers, 350
superventilation, 286
Vertical (hydro) dynamic force, 187, 249
coefficicnt, 249, 258
Vibration, 440
antisymmetric, 479
forced, 441, 448
free, 448

random,

self-excited, 441, 449

symmetric, 454

transient, 441, 449, 490
Virtual mass, 454, 477
Voith-Schneider propeller, 341, 342
Volume displacement, 62, 185
Voyageur, 328

Wagner effect, 518
Wake, 189
fraction, 368, 369
traverse, 203
Wall-sided formula, 100
Water line length, 95, 214
Water molecule, 16
Water plane section, 63
second moment of area of, 66
Water tunnel, 171
Waves, 47
capillary, 47
deep water, 49
fetch, 47
frequency, 49
generated by vehicle, 196
gravity, 47
shallow water, 49
trochoidal, 50, 116
velocity of propagation, 48
Wave pattern, 195, 196
Weber number, 159, 401



Weight, 58
deadweight, 59
displacement, 62, 185
distribution, 60
gross (all-up), 59, 252
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“Wet-sea' problem, 440, 450, 486, 490
Wind turbines, 344
Yaw, 498, 509
Zones of operation, 187
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