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PREFACE

The Ninth Symposium on Naval Hydrodynamics continues in all aspects the

precedent, established by previous symposia in this series, of providing an inter-

national forum for the presentation and exchange of the most recent research re-

sults in selected fields of naval hydrodynamics. The Symposium was held in Paris,

France on 20-25 August 1972 under the joint sponsorship of the Office of Naval

Research, the Ministere d'Etat charge de la Defense Nationale and the Association

Technique Maritime et Aeroanutique.

The technical program of the Symposium was devoted to three subject areas

of current naval and maritime interest. These subject areas are covered in the

Proceedings in two volumes:

Volume 1 — The Hydrodynamics of Unconventional Ships
— Hydrodynamic Aspects of Ocean Engineering

Volume 2 — Frontier Problems in Hydrodynamics.

The planning, organization and management of a Symposium such as this is

an undertaking of considerable magnitude, and many people have made invaluable

contributions to the resolution of the myriad of large and small problems which
invariably arise. The Office of Naval Research is acutely aware of the fact that the

success of the Ninth Symposium is directly attributable to these people and wishes

to take this opportunity to express its heartfelt gratitude to them. We are particu-

larly indebted to Vice Admiral Raymond THIENNOT, Directeur Technique des

Constructions Navales, Ministere d'Etat charge de la Defense Nationale, to Professor

Jean DUBOIS, Directeur des Recherches et Moyens d'Essais, Ministere d'Etat charge

de la Defense Nationale, and to Monsieur Jean MARIE, President de 1' Association

Technique Maritime et Aeronautique, who provided the formal structure which
made this joint undertaking possible. The detailed organization and management
of the Ninth Symposium lay in the capable and competent hands of Vice Admiral
Roger BRARD, President de la Academie des Sciences, and Rear Admiral Andre
CASTERA, Directeur du Bassin d'Essais des Carenes, who were most ably assisted

in this endeavor by the charming Madame Jean TATON. Throughout the long days
of planning and preparation the experienced and practical counsel of Mr. Stanley

DOROFF of the Office of Naval Research provided continuous guidance which
contributed in an immeasurable way to the success of the Ninth Symposium on
Hydrodynamics.

RALPH D. COOPER
Fluid Dynamics Program
Office of Naval Research
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OPENING CEREMONY

INTRODUCTORY ADDRESS

Roger BRARD
Chairman^ French Organizing Committee

Ladies and Gentlemen,

As an introduction to the Opening Ceremony of the Ninth

ONR-Symposium on Naval Hydrodynamics I would first like to say
how pleased and honored we felt when Dr. Frosch accepted the invi-

tation to attend the said ceremony and to speak on behalf of the United

States Navy. The presence of such a high ranking official of the

United States Department of Defence is a very unusual privilege.

To welcome the Assistant Secretary of the Navy for

Research and Development it was only befitting that the French
Government representative be Mr. Jean Blancard, Delegue Minis

-

teriel pour I'Armement, who ranks immediately after the Ministre
d'Etat charge de la Defense Nationale.

As Delegue Ministeriel pour I'Armement, Mr. Jean
Blancard is responsible for all the armament programs of the French
Armed Forces, Army, Navy and Air Force. This includes the pro-
curement of all the materials, either from the military establish-

ments or from the industry, and also all the activities in Research
and Development.

In particular, the Direction Technique des Constructions
Navales, which is in charge of designing and building the naval ships,

comes under his supervision. So does the Direction des Recherches
et Moyens d'Essais which deals with fundamental research and eva-
luation of new scientific concepts.

Mr. Jean Blancard's academic achievements comprise
ranking first at both Ecole Polytechnique and Ecole Nationale Supe-



rieure des Mines. Before being appointed as Delegue Ministeriel

pour I'Armement, Mr. Jean Blancard has held very important posi-

tions either in Government agencies or Government controlled indus-

tries. He has for instance been Directeur des Carburants and, as

such, has for several years supervised the French Government con-
trolled oil companies. He has also been deputy of the Minister of

Defence for the Air Force. Recently he was president of the SNECMA,
the major French jet engines manufacturer.

The great interest taken by Mr. Jean Blancard in the three

themes of our Symposium accounts for his accepting readily to

preside over the Opening Ceremony.

Thank you for your attention.



OPENING ADDRESS

Jean BLANCARD
delegue Ministeriel pour I'Avmement

Vavis J France

Ladies and Gentlemen,

I thank Ingenieur General Brard for having successfully

explained in a few words what the "Delegation Ministerielle pour

I'Armement" is.

I am very happy to open the Ninth Symposium on Naval Hy-
drodynamics. I would first like to emphasize two particular reasons

why it gives me great pleasure :

- the first one is that this Symposium be held in France, in

Paris. It is traditional that the Symposia take place alternately in the

United States and in a foreign country. This is the first time that the

Symposium on Naval Hydrodynamics takes place in Paris, and I feel

particularly glad for it.

- the second reason is the number and quality of the repre-

sentatives from the twenty two countries who favoured us with a posi-

tive answer to our invitation. This shows the utmost importance
attached to the problems of Naval Hydrodynamics.

Whatever the positions 1 have held and that Mr. Brard just

recalled, I ain not at all a theoretician in Naval Hydrodynamics.
From my student time, some forty years ago, I remember that the

intricate equations of hydrodynamics were stretching unendingly on

the blackboard, and when the professor had finished writing them
down, he would add : "The solutions are not known, so one has to

resort to experiment".

Looking at your technical program, I can see that a rather

important part of it is devoted to what you call frontier problems, a

somewhat strange term for the non specialist. This shows that there

still exist numerous unsolved problems in naval hydrodynamics, and



that scientists still have a wide field of research ahead of them.

I would like to make two remarks :

- The first one concerns the importance that what you call

Ocean Engineering begins to take. For twenty five years I have been
an oil prospector, and therefore I have known the beginning of off-

shore prospection. The oil prospectors at first behaved like lands-

men, that is that they cautiously began by erecting fixed drilling

platforms to keep their feet dry. Progressively, through advances
in Naval Hydrodynamics, their technique evolved, and did so with

a striking rapidity if one recalls that only ten years ago the North
Sea had never been crossed by a geophysical ship. In these ten years,

through survey of currents and winds and study of seakeeping quali-

ties of platforms, all the difficulties were overcome, and this inte-

rior european sea has became one of the main sources of oil for

Europe, so much so that the supply from the North Sea would com-
pensate possible difficulties in the Middle East. This could be

obtained thanks to Naval Hydrodynamics.

- The second remark I shall make concerns the importance
that you give to unconventional ships. It is a difficult problem for

the leaders of our Navies, to know at any time what are the tech-

niques to be applied to have better naval ships when needed. New
techniques are never sufficiently called upon to adapt the existing

material to the wars of to-morrow.

Even if it is true - and I believe that this was said by an
American Admiral - that wars are won with outdated weaponry, a

certain balance has however to be kept. No doubt that the leaders of

our Navies have the final say in deciding what is needed for to-

morrow, but it is the aims of a Symposium such as this one, of

scientists such as you are, to give them the necessary elements to

define their policy.

I would not like to be too long and delay your work any

further. I only want to thank Dr. Frosch, Assistant Secretary of the

Navy for Research and Development, and Mr. Ralph D. Cooper from
Office of Naval Research, whose presence here proves the great

interest taken by the American Authorities in your studies.

In conclusion I wish you full success in your work as well

as a pleasant stay in Paris.

Thank you. Ladies and Gentlemen, for your attention.



ADDRESS

Honorable Robert A. FROSCH
Assistant Secretary of the Navy
for Research and Development

Washington^ U.S.A.

It is a great pleasure to be here, not only because of my
pleasure in assisting at this inaugural ceremony for the Ninth Sym-
posium on Naval Hydrodynamics but because it is a particular

pleasure for me to be able to share this platform with Mr. Blancard,

with whom I have had a number of pleasant and fruitful discussions

on various aspects of naval warfare and naval technology. We are

very happy to have this Symposium in France not only because of tra-

ditional friendships but because of my view of the importance of

the French contributions to ocean engineering in general, the French
pioneering work with the bathyscaph, the advanced diving experi-
ments of the French Navy, of Comex,of the Cousteau group and some
of the unique Government and industry relationships, such as Cnexo,
for the exploitation and investigation of the oceans. All of these

pioneering works make it appropriate to have such a conference here
in France.

It is excellent to see 12 nations contributing to a programme
attended by 2 2, to exchange information on this particular branch of

ocean engineering, which I think is significant and important to ocean
engineering in general and to the basic purpose for which we all work
in ocean engineering - namely, the careful use and exploitation of the

oceans for the benefit of all of us.

I speak here as an outsider to naval hydrodynamics and in

some sense as a consumer of naval hydrodynamics as a scientific

and engineering element in ocean engineering, of naval warfare
matters and of contributions to general oceanographic and oceanolo-
gical matters. Viewing it as an outsider one can frequently see things

that are not apparent to an insider or look different to an insider and
it seems to me that we have been going through a period of very im-
portant change in naval hydrodynamics. Perhaps it looks more
gradual to those who have been working on it, but to those of us who
have not been working in detail on the subject it appears as though

XIX



there is a renaissance or efflorescence of ideas, a great expansion

of new things in the subject.

I am thinking, for example, of what I might call the super

ship, changing very rapidly from ships whose tonnage was measured
in tens of thousands to ships whose tonnage is measured in hundreds

of thousands. I am thinking also of the fact that the hydrofoil has

come from being a curiosity to being a useful vessel not only in a

naval warfare sense but, as importantly, in the sense of transpor-

tation. I have been in several European cities in which the hydrofoil

is beginning to be part of the bus transportation of the city or the

region, and I think we shall see this more and more. As I look at

my own country and particularly my own locality of Washington DC
I know that we have available, already constructed by nature, a

number of highways that we do not use. You have begun to use them
in Europe with hydrofoils and I think this will spread all over the

world so that the waterways may become the autoroutes for many
places where it is possible to do this.

Along with the hydrofoils we have begun to exploit the sur-

face effects vehicles in the same way, first for transportation, but

several navies are looking at them as possible advanced warships.

As an entirely different trend of development, but also

important in the development of ships for the future and growing,

as far as I can tell, from the floating oil platform techniques which

Mr. Blancard has mentioned and separately coming together from a

very old technique, the catamaran, we have now the various versions

of what miight be called low water plane catamaran or the semi-

submerged ship that are being looked at in several countries and

will probably have a place for ship transportation somewhere inter-

mediate between the monohuU of the conventional type and the hydro-

foil or surface effect ship. But that, of course, remains for the

future and perhaps this is the first international symposium in which

that kind of ship will be discussed in some detail.

These transportation modes, as 1 might call them, are all

obvious contributions not only to naval matters in the specific sense

but to ocean matters in the general transportation sense. This is

extremely important because for all the improvements in air trans-

portation still most of the trade and tonnage of the world moves by

sea and it appears to me that the laws of nature are such that this

will go on perhaps indefinitely, at least so far as aerodynamics do

not permit us to produce an aircraft which can go a long distance

and carry enough fuel to get back as well as any cargo, so that all



our heavy and bulky materials will certainly continue to move by
sea. So the work in naval hydrodynamics as a contribution to im-
proved sea transportation remains as important or more important

to trade and international relationships as it has ever been.

Beyond ships and ship transportation, however, we are

entering an era of the use and exploitation of the oceans in which
other contributions of hydrodynamic understanding will be impor-
tant. We are beginning the expansion of our examinations of the

oceans to a complete sensor and surveying system so that we may
know the properties of the oceans and of the weather over the oceans

all over the world. We have the beginnings of the means to do this

in various types of buoys and instruments but many of the hydrody-
namic problems associated with the long-term mooring and move-
ment of buoys in the oceans have only begun to be broached and

there will be a good deal of work ahead if w^e are able to make really

permanent stations at sea so that we can understand the influence of

the weather on the oceans, the oceans on the weather and both on the

entire global environment.

As we become more concerned about the degradation of the

environment and the problems of pollution, some of which are upon
us and some of which we can see coming rapidly, we are looking to

new means for unloading the ships that I have discussed earlier and

of moving them about in such a way that we can prevent catastrophes

and problems from occurring. This has begun to increase interest

in offshore terminals, offshore storage and the means for moving
equipment from these offshore platforms to the land. These struc-

tures and terminals also pose new problems in ocean engineering

and new questions of hydrodynamics, of structures, of wave forces,

of the movement of sediments on the bottom. These too will pose
problems for this branch of the engineering profession.

In addition to these problems of manmade equipment and

structures we have continuing and increasing human interest in the

nature of the coastline itself, in the forces that shape the coastline,

either to construct it or to destroy it, and we always have the inte-

rest in learning how either to control these forces and movements
or to predict them and understand in what says we can live with them.

These also are traditional problems of naval hydrodynamics in the

broadest sense and problems that are very far from being solved.

So it is clear to me that in all these areas of transportation, of

terminals, of major structures at sea, of sensors to understand
what happens at sea and have an understanding of the very workings
of the natural forces themselves, this subject of naval hydrodyna-



mics is important and full of problems that are interesting in them-
selves, but also of great importance for the human interprise of

keeping our lives, our civilisation and our planet together in the

best possible way.

For these reasons I am delighted to be here to help to open
this Ninth International Symposium on Naval Hydrodynamics.
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WATER-JET PROPULSION
FOR HIGH-SPEED SURFACE SHIPS

Jacques Duport, Michel Visconti, Jean Merle

SOGREAH
Grenoble J France

ABSTRACT

Free-stream subcavitating propellers are not proper
for very high-speed surface crafts. The range of

speed where subcavitating impellers can be used is

largely increased when the propulsion flow is sepa-
rated from the main external flow, i.e. when water-
jet propulsion systems are being used.

A great variety of water-jet propellers can be pro-
posed depending inainly on the jet-velocity ratio

( then on the rate of flow ) , and the arrangeraent
of water circuits (either fully or partially submerged,
either straight-flow or elbowed circuits, etc. ).

A common method of approach, applying to any of

these, is proposed for the determination of the hy-
drodynamic characteristics of the propeller system.
This concerns principally :

. Energy balance of both internal and external flows.
Mutual interaction of both flows (including eventual
hull interaction).

Cavitation limits,

Dimensionless hydrodynamic parameters.

The hydrodynamics of internal flow can be to a large
extent analysed separately from the external flow
analysis. This is a source of considerable simplifi-
cation for both theoretical and experimental appro-
aches.
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The authors show that his can be applied (while with

some precautions) to short-ducted, nacelle-type pro-
pellers. They describe an unconventional test-facility

which has been specially developed for the design-

study of high specific-speed impellers now applied to

a 50 knots water-jet propeller. Comparison of pro-
totype and predicted performances of this propeller

is in favour of the applicability of the "partially se-

parated" hydrodynamic approach.

I. WHY IS WATER JET PROPULSION OF INTEREST FOR RAPID
SURFACE VESSELS

The use of subcavitating free stream propeller in surface

vessels is practically limited beyond speeds of approximately 40

knots. The main cause of this limitation is that the propeller thrust

behind the propeller requires that flow speed is at least equal to

forw^ard drive speed and, consequently, relative speed at the rotor is

considerably higher than forward drive speed.

Thus even if a very low load coefficient is adopted, the

inception of cavitation is inevitable.

If the subcavitating impellers are to be used in the high

velocity range then the drive flux must be separated from the main
flowstream i. e. water jets must be used. These comprise :

an immersed water intake,

an internal hydraulic circuit,

a pump,

a discharge nozzle.

With this arrangement the practical range of subcavitating

impellers may be extended, principally, for the following reasons :

selected impeller approach and discharge speeds miay be

adopted independently of forward drive speed (of the ship)

. use may be made, if necessary, of impellers other than

the axial flow type which is suitable for free stream pro-

peller s(centrifugal pumps, mixed flow pumps, multistage

pumps, etc. )
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Naturally the question must be raised as to the viability of extend-
ing the use of subcavitating impellers.

A discussion of this question would involve a comparative
analysis of all systems which have been, or which could be, used
for the propulsion of rapid surface ships. This would exceed the
scope of the present subject and we present graph fig. 1, extracted
from Mr Myers paper at the SNAME Hydrofoil Symposium 1965, to
which has been added a curve for the "straight flow jet propeller"
which w^e will discuss later.

The existence of viable field of use for jet propellers (i. e.

Z flow or "water-jets" or straight flow) is even more evident if

reference is made to available thrust at the propeller at intermediate
speeds (and not simply efficiency at cruising speed as shown in
figure 1). In fact all rapid ships where the hull is designed to lift at
cruising speed suffer from relatively high resistance at intermediate
speeds and from this aspect, the performance of jet propellers is of
particular interest, as will be demonstrated.

II. TYPES OF WATER JET PROPELLERS FOR RAPID SURFACE
VESSELS

To the best of our knowledge, two main types of water jet
have been developed, or proposed, for fast surface vessels and they
may be differentiated by the general arrangement of the internal
drive circuit.

^ the type which we propose to call "Z flow jet propeller"
(ZFJP) comprising an inlet component (scoop) the forward
part of which is open, and a discharge nozzle at the rear
the axis of which is offset in height compared to that of the
water inlet axis. Between these two components, the cir-
cuit proper is rectilinear, or practically so. One of the
two elbows of the circuit may be formed by the pump volute.
This arrangement (specifically used by Boeing for hydrofoil
drive, is essentially based upon the advantage of fitting the
pump within the hull of the ship with in-line or parallel
shaft drive).

_ the type which we propose to refer to as "Straight flow
jet propeller (SFJP) the inlet component and the discharge
nozzle being aligned, implying that the whole of the propel-
ler is submerged.
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Other circuit arrangements are, a priori, feasible, for

example those with a lateral water intake to provide a " r " shape,

or those ( fi shape) in which the discharge nozzle would be lowered
to surface level, so as to reduce head generated by the pump.

However neither of these arrangements has been adopted

for rapid surface vessels.

As regards the former ( T ), the cavitation limit character-

istics of the lateral water intake are considerably less advantageous
that those of the frontal intake, so prohibiting its use at high speeds
for surface vessels.

The latter arrangement ( fi ) is of no practical interest

since the additional weight and the head loss in the "return sector"

more than offset the reduction of geometric head.

The Z flow propeller practically always includes a relativ-

ely long internal hydraulic circuit, part of which is situated above
the free stream surface, where as the straight flow propeller gener-
ally has a short hydraulic circuit and is often called a pumpjet and
in Sonne ways, it is related to ducted propellers (ducted propellers

with a decelerating nozzle).

The internal losses in the Z flow propeller circuit can be
relatively high so that the head produced by the pump results not

only from the kinetic energy added to the jet but also from the inter-

nal head loss and the geometric head. For this reason and also due
to weight consideration the optimization of this type of propeller

generally leads to a relatively high ratio of jet speed versus forward
drive speed and lower efficiency than that of a "straight flow" pro-
peller which can accept a relatively low ratio.

III. PERFORMANCE AND QUALITY PARAMETERS CHARACTER-
ISING A PROPELLER

We have indicated in § 2 that efficency is neither the only

one nor the most important parameter to take into account when
selecting the type or optimising the characteristics of a propeller
to be adopted for high-speed surface ship.

Restricting ourselves to hydrodynamic considerations
concerning both the propeller and the ship, we propose to define

some simple parameters, which might express the main preoccupa-
tions of a fast-ship designer.
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3. 1. Efficiency, the most usual concept, needs some clarification,

which cannot be achieved by just transferring to jet propellers the

considerations which have been developped for conventional free-

stream propellers.

We think that there is no ambiguity about the definition of

"input power", which should be in any case the shaft power of the

impeller, and which we designate by Ps. This implies, how^ever that

the power transmission efficiency should be taken into account
through another way in the selection and optimisation procedure.

"UsefuU Power" on the contrary, as it is the case for convent-

ional propeller may be more ambiguous, as long as the "thrust"

concept has not been clarified.

In case of jet propeller it is easy to define the "gross thrust"

Tg of the propulsion unit : this is the trust which results fronn the

jet reaction. In case of a drowned jet with a uniform distribution of

velocity, this being parallel to the drive speed, it w^rites :

Tg = M (Vj - V)

Tg = gross thrust

M = rate of mass -flow

Vj = jet velocity

V = ship speed

This gross-thrust is equal to the longitudinal component of

hydrodynamic forces transmitted to the ship by the propelling flux ;

these forces are transmitted not only to the surface of the internal

circuit but also partially to the ship hull if the intake mouth of the

propeller circuit is located close to it, (to this extent, gross thrust

of a jet propeller is not to be compared to the thrust of a convent-
ional "open-water" propeller).

It is not enough to consider gross thrust of a jet propeller.

This is because :

„ the wetted structures of the propulsion unit are the source
of a supplementary resistance which is not taken into account
in the gross -thrust. This supplementary resistance is due to

the external flow surrounding the w^etted structures ; it can be
for instance : the friction and wave resistance of struts con-
necting the propulsion unit (or the intake scoop) to the ship, or

the external resistance of the nacelle of a "Straight Flow"
propulsion unit, etc.
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We propose to designate by Rp this "propeller own resistance"

(which includes the resistance of associated struts).

_ the flow around the hull (or foils in case of hydrofoils) can

be modified due to the presence of the propulsion unit (shape

modification) or the suction effect of the intake mouth. If it is

so, the ship resistance may be modified, compared to the ob-

served figure in the absence of the propulsion unit. This may
occur for instance if a nacelle type SFJP or the scoop of a

ZFJP is combined with the wing systems of a hydrofoil ship :

the drag of the wing system can then be altered. We shall

designate by Ri the supplementary resistance induced by the

propeller (this introduces a correction factor which to some
extent is analogous to the "suction coefficient" of conventional

propellers, but does not at all respond to the same approach).

The net thrust is :

T = T - R - R.
n g P 1

It must be noticed that separate determination of Rp and R^

is not always possible, since it may happen that they cannot be simp-

ly added.

Anyhow the value of Rp + Rj^ can be reached through the

thrust and resistance balance of the ship with and without propeller.

This value depends not only upon the propeller design but also the

ship design. For that reason it is interesting to consider gross

efficiency as well as net efficiency.

gross efficiency ??„ is the one deternnined from the gross

thrust :Ui.i.X U. k7 U .
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from the own apparent weight Wa p of the propulsion unit

(circuit, pump, etc. ), the power -transmission gear and
ennersed part of circuit-water.

from the lift L p of the propulsion unit due to external

flow around the drowned parts of this unit, and/or the eventual

inclination of the jet.

We propose to consider the "relative weight balance" of the

propulsion unit :

^AP - ^PRWB = —^ ^

This parameter should be normally related to cruise conditions,

but it may be interesting also to refer to RWB under take-off

conditions.

3, 3. We have mentionned earlier that the cruising speed condition

is not the only one to be considered when dealing with high speed
surface ships. The thrust requirement may be rather severe at

intermediate speeds, in relation with some kind of "take-off" proced-
ure. It is not possible to express these "medium speed" requirements
in general terms since they depend largely upon the type, the size

and more generally the "project programme" of the ship.

On the other side it seems rather easy to summarize approxim-
ately the "medium-speed thrust performance" of a given propulsion
unit into two simple parameters which we propose to designate
respectively by :

"peak thrust ratio" : tp =

"peak thrust relative speed : vp =

Zp
^c

^̂
c

where : T is the maximura. thrust as defined below,

T is the rated thrust at cruising speed,

V is the "peak thrust velocity" as defined below,
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V is the rated cruising speed.
\^

To define Tp and Vp let us consider the trust versus speed dia-

gram(fig. 2). Two main limiting curves can be drawn on this diagram:

the one wich corresponds to a constant shaft power equal to that

required at cruising conditions, the one which corresponds to the

cavitation limit of the internal circuit and pump. Both lines intersect

at a point where the thrust is the highest one obtainable within the

limits of the cruise condition shaft power and in view of cavitation

limits. The coordinates of this point are Tp and Vp respectively.

Comparing two propeller types which might lead to equivalent

performances at cruise conditions, one may be induced to select the

one with the highest peak thrust ratio.

There is no precise general indication about the desirable

"peak thrust relative speed". However it must be noted that a high

peak thrust ratio cannot occur at high relative speed, but more at

relative speed between, say, 0. 3 to 0. 6.

A "low peak thrust relative speed" would mean that the effi-

ciency decreases rapidly with the ship speed and that the available

thrust at medium speed may be not sufficiently high.

3. 4, Following examples of performances can be proposed, accord-
ing to the information we have in hands.

Straight-flow jet propeller

The 800 Kw, 50 kn prototype of SFJP which we have developped

performs the following characteristics.

''g =
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mechanism.

Z flow propeller - 45 knots

V a ~ 0, 50 approximately

t = 1,12 to 1,2 approximately
P

The limitation seems to be due to the constant power condition more
than to cavitation limitation.

RWB = 0, 10 to 0, 15

Super -cavitating propeller - 55 knots

T? g = 0, 63

rjn = 0, 57

RWB = 0, 15 to 0,20

tp = slighthy higher than one ; the limitation

is the "constant power", not the cavitat-

ion limit.

IV. EFFECT OF CAVITATION LIMITS UPON CERTAIN JET
PROPULSION UNIT CHARACTERISTICS

Certain conditions must be respected to avoid the inception of

cavitation within the internal circuit of a jet propulsion unit. These
conditions directly affect the efficiency which is to be expected of

such units with the limit of efficiency depending, among other things,

upon the forward speed of the vessel for which the propulsion unit is

designed.

4. 1. Z Flow jet propeller (ZFJP)

As already stated, these propulsion units are fitted with a

scoop and a forward intake followed by an elbow. Vaned elbows are
generally used to reduce external dimensions and head losses to a

minimum w^hile avoiding cavitation.

The critical cavitation condition of an elbow is expressed by
the Thomia parameter :

11
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NPSH
a -

Ve^/2g

NPSH being the net positive suction head at the elbow intake,

Ve is the mean velocity in the intake section of the elbow.

To the best of our knowledge, even with an extremely good
vane profile, o must be at least 0, 35.

If this condition is to be respected then a diverging section is

required at high speed so that the velocity at the elbow intake is

lower than forward speed.

This limit has a direct effect upon the central cross-section of

the scoop and upon strut thickness.

Scoop drag (friction and w^ave resistance) depends upon :

the shape of the cross-section of the scoop and the intake

pipe,

the fairing and dimensions of the scoop and the strut,

dimensions.

In order to calculate simply the incidence of the non- cavitation
condition of the elbow upon propulsion unit performance, we will

suppose that the external centre section for optimised shapes of

scoop and strut is proportional to the cross -section of the elbow in-

take.

Scoop and strut drag D may thus be expressed as :

D = ^-K C P Se V^
Z X

where
K is the form factor

C is the coefficient of drag
X ^

P is water density

Se is the elbow cross-section

V is forward speed

12
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Moreover the gross thrust of the propulsion unit may be expres-

sed as :

T = pQV (w-1)
g

where

w =— and V is jet velocity.

The critical cavitation condition may be used to calculate Se :

Se = Qi2g (NPSH)

where a^ is the "critical" value of cr

From these equations it is possible to calculate the non-dimensional

parameter :

= 2 (w-1)^ ' / 2g ^PSH

VJD KCx V

This equation shows that, for a given forward speed (and thus

a given NPSH) Tq/D increases with w , which is evident since an

increase in w for a given thrust leads to a decrease in the rate of

propulsive flow. This effect though beneficial upon scoop drag, reduc-

es the theoretical drive efficiency which is equal to

—

^ . This^ ^ w+1
will not be expanded in this discussion since the optimisation of w^

also involves head losses in the circuit and the weight balance.

Tct
It should also be noted that

jy decreases when the forward
speed of the ship increases.

Moreover the non- cavitation condition of external flow and the

external streamlining of the scoop will increase coefficients K and
Cx. Beyond a speed of approximately 50 knot , sub-cavitational

flow can not be maintained around the scoop and super cavitational
conditions of external flow would lead to an increase in KCx.

4.2. SFJP

The non -cavitation condition for the external circuit may not,

in this case, be expressed so simply as for the scoop elbow of the

ZFJP.

13
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The critical conditions for the inception of cavitation in the

pump involve the pump characteristics :

/ Q
Cm =

Sr ^2gH

in which

in which

Q is the rate of propulsive flow

Sr is the cross-section of the impeller

H is the head generated by the pump

H

uV2g

u is the peripheral velocity of the impeller.

Finally for the given value of Cm and ^ the pump cavitation

limit is expressed by the Thomas parameter :

NPSH
H

A complete examination of this question, which will not be given

here, reveals the following principal considerations :

In propulsion units for high forward speeds : a diverging section

before reaching the pump inlet is, in every case, necessary : for

example at speeds of 50 knots pump intake speed has had to be

reduced by approximately 80% of the forward drive speed.

As with the ZFJP scoop, increase in speed to slightly over

50 knots results in a slight increase of coefficient K and, beyond a

certain limit speed, super -cavitating external flow is required.

Finally, it may be seen quite readily that available pump a

for a given w decreases as velocity increases, this may be compen-
sated by :

„ either reducing w by discarding the optimum values result-

ing from compromise between theoretical efficiency and nacelle

drag,

14
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_ or by adopting a 2 stage pump.

V. HYDRODYNAMIC STUDIES OF JET PROPELLERS

5. 1. Advantages and limitations of separating the study of internal

and external circuits

For long circuit water-jet propulsion units of the 2 flow-

type, separate examination of the hydraulics of the external and

internal circuits, and particularly the pump, is clearly well-founded

and advantageous. The internal and external flux have to be examined
conjointly only in the study of the immersed scoop.

In the design studies of nacelle type propulsion units of the

"straight flow" type we considered that the same separate theoretic-

al and experimental approach was also of great interest for the fol-

lowing reasons :

theoretical analysis of the internal flow and circuit design is

much simplified if it is considered separately from the extern-

al circuit. This is particularly significant when applied to the

pump design.

experimental approach also is very much facilitated. For
example the test rig allocated for internal circuit study may be

used for measuring directly all characteristics of the internal

flux (rate of flow, momentum, thrust, cavitation limits, etc. )

without any interference of the external flow.

High enough Reynolds number and a proper cavitation simul-
ation can be obtained with a reasonably small test rig as the

one described below. If equivalent limits w^ere to be attained

in a hydrodynamic tunnel then the vein size would have to be
at least 1, 2 metres in diameter with a vacuum of 0, 5 m
absolute, a flow speed of 12m/s and discharge of 14m-^ /s so

that the facility would be considerably larger than that describ-

ed below whose discharge is limited to 0, 5 m /s. Moreover,
in such a tunnel facility, cavitation around the nacelle would
limit investigation of the cavitation limits of the internal cir-

cuit. Nevertheless separate study of the two flux gives rise to

certa.in difficulties since the internal flow is influenced by the

external flow as is clearly shown, for instance in theories

concerning ducted propellers.

Hov^'ever in the case of "straight flow" propulsion units of the

type which we have developped for rapid surface ships, this effect of

15
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the external flow upon the internal flow is relatively low and can be
approximately taken into account in the "separate flow" approach.

For instance the transversal distribution of approach velocity

into the pump may be simulated by properly adjusting the profile of

the intake bell-nnouth of the model. This adjustment is based upon
calculation (perfect fluid and boundary layer) and upon smaller scale

tests of the complete propulsion unit in a hydrodynanaic tunnel.

As regards the discharge nozzle, the absence of external flow

in the test rig described below, slightly modifies the jet contraction

compared with the prototype nozzle. Therefore we carried out model
tests of the pump with various nozzle diameters and finalised the

nozzle diameter adjustment during the prototype tests in the

TOULOUSE high-speed towing-tank.

5. 2. Methods of approach applied to the design studies of jet propel-

lers

The methods mentionned hereafter are the ones we applied for

finalising the hydraulic design of the straight flow 50 knots jet propel-

ler dealt with in § 7. However the same general way could be follow-

ed for Z flow jet propeller design, with some adaptation.

a) Intake mouth of the nacelle

Analysis of flow in this part of the machine requires the con-

sideration of both internal and external flow. Two main methods
have been used :

_ potential flow axisymmetric computation with a special at-

tention towards the cavitation limits of the circular leading

edge area.

„ experimental study on a hydrodynamic tunnel where the in-

ternal flow was separately controlled (see fig. 3).

These approaches could well be adapted to the design studies

of intake scoop of a Z flow jet propeller.

b) Driving pump

A special test rig had to be developped for that purpose as will

be explained in § 6.

16
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c) Nacelle body and rejection nozzle

_ conventionnal friction resistance computations were ap-

plied to predict the nacelle external friction drag,

_ experimental study of a complete small scale model of

the propulsion unit (fig. 4) was carried out, having in view the

determination of cavitation limits of the external flow and the

lift coefficient of the propeller.

During these tests the internal rate of flow was simulated with

help of a small internal pump similar to that of the prototype but no

shaft power measurement was made since the impeller Reynolds

number and bearing friction torque were not proper for that purpose.

d) Integral test of the entire propulsion unit

Since the effect of mutual interaction of external and internal

flows is of the same order of magnitude as the one of scale

effects, we decided to run integral accurate tests only on the

full-size prototype unit. As already mentionned this implies

that the hydraulic design of some parts of the propulsion units

(mainly the rejection nozzle) has to be finalised during the

prototype test. This is presently carried out as explained in

§ 7.

VI. TEST RIG FOR HIGH SPECIFIC SPEED PROPELLER-PUMP
DRIVE UNITS

6. 1. Description of the test-rig

If centrifugal or mixed flow pumps are involved, conventional

test rigs may be used to perfect the hydraulic design of pumps used
in water -jet drive units. The only significant difference between
these and normal pumps is the relatively higher velocity at the

volute outlet.

However the test rigs normally used for propeller pumps are
not suitable for solving the problems associated with high specific

speed propeller pumps, used in the SFJP.

Firstly the head generated by these pumps is often relatively

low in comparison with the kinetic head corresponding to approach
velocity and to discharge velocity so that accurate measurement of

the generated head is difficult. Moreover piomp efficiency, as a pro-
peller, depends upon both generated head and also upon the transversal

17
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velocity distribution at the nozzle outlet, i-e the momentum commu-
nicated to the jet. For these reasons we have found it necessary to

construct a specialized test-rig in which the momentum transmitted
to the propulsive flux is measured directly and not solely the incre-
ment of energy transmitted to the said flux. The design of this

test-rig also allowed for the necessity of sinnulating head (captation

energy) due to the forward drive speed of the ship. Thus a circula-

tory pump had to be used.

The simulation of cavitation conditions is achieved by the con-
trol of absolute pressure on both sides of the model pump.

The figures 5 and 6 show the basic arrangement of the test

rig.

Maximum impeller diameter is 300 mm. The model, placed
between two tanks, allows visualisation of the impeller, distributor

and diffuse r.

Water circulation is ensured by a 520 l/s pump with 9 metre
head at 835 rpm driven by a DC thyristorised miotor at variable

speed between and 2 500 rpm. A l/3 reduction unit is mounted
between the pump and the motor. Motor speed stability is controlled

to within l/lOO.

The 500 mm diameter piping is fitted with two vaned elbows,

a manually controlled 500 mm diameter valve, a 3 50 mm diameter
vertical turbine flowmeter with calibrating piping.

The 2. 2. metre diameter upstream tank was specially design-
ed to ensure correct feed to the pump : uniform flow distribution,

absence of vortex, etc.

The water level is regulated by a capacitance sensor acting

upon rotation velocity of the circulation pump. The water level is

Zp =1,8 metres above the plane of the impeller. Absolute air pres-
sure above the water surface may vary between 0, 05 and 1, 7

atmospheres. The upper tank also supports the two water -floating

bearings - diameter 360 mm and 160 mm of the stator casing.

Internal stiffeners avoid displacement between these bearings. The
tank also supports the thrust-balance and the torque balance.

The lower tank, diameter 2, 5 metres, was specially design-
ed to dampen jet energy without sucking unwanted air to the pump
while ensuring a stable level. The facility may be operated with the

nozzle either drowned or not. Absolute pressure above the water

18



Watev-Jet Propulsion for High-Speed Surface Ships

level may also be varied between 0, 05 and 1,4 atmospheres.
Water head between the two tanks is measured accurately by a dif-

ferential manometer (mercury weighing). Air pressure in the upper
tank is weighed in the same manner.

Model rotation is ensured by an asynchronous motor, between
300 and 1 750 rpm whose speed is varied through a frequency
converter. Resultant stability is to within l/lOOO of rotation speed.

The whole body of the jet propeller (i. e. intake bell-mouth,

pump and nozzle) is rigidly connected to a main stator structure

which is vertically guided in two self-centering guide -bearings fed

with water under pressure. The vertical resultant of weight and
hydraulic thrust acting on this structure is mea-sured through a

weighing -balance to which it is connected through a oil pressure
frictionless thrust bearing. Since the total weight of the balanced
body, and pressures on both sides of each guide -bearings are known,
it is possible to derive from the balance measurement the net thrust

due to the jet effect. Because of the absence of friction in the guide
and thrust bearings, it is also possible to measure the stator torque

(which corresponds to the jet rotational momentum).

The stator of the driving motor is mounted in the above

-

mentionned stator body with help of self-centering guide and thrust

bearings fed with oil under pressure, thus allowing for accurate
driving torque measurement, then accurate shaft-power determina

-

tion. The friction torque of the shaft guide bearings situated in the

propeller body is not directly measured but is taken into account
through a precalibration procedure. A pressure sensor in the oil

floating shaft thrust bearing is used to measure rotor thrust after

calibration.

The 360 mm diameter water floating bearing, mounted bet-

ween the two tanks serves as a water seal. Its leakage rate is ca-
librated and is approximately 0, 15 l/s. The 160 mm diameter
upper floating bearing serves as an air seal. Its leakage is also
taken into account.

This rig is equipped with centralised remote control and mea-
surement equipment.

The flow, head and pressure characteristics of the rig are
such that it proves very useful for perfecting propeller pumps for

SFJP type drive, covering the forward speed range from (fixed

point propellers) up to approximately 100 knots.
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6. 2. The following figures can be directly derived from the measure-

ments made with a propeller of diameter D on the test rig described

above :

. the head H applied between the external limits of the pro-

pulsion unit model ; this head simulates the effect of kinetic

energy due to the forward speed V of the ship.

the rate of mass-flow M passing through the propeller.

the component of the jet momentum ''I in the axial direc-

tion.

the shaft power P^ s

the rotational speed N

the net positive suction head NPSH.

From these figures, it is possible to determine :

The equivalent ship speed : V = \ 2gH

The gross thrust : T = lPr\ - MV

(i. e. the gross thrust obtainable at speed V from a propulsion unit

operating under the same internal hydraulic conditions as the model)

V. T
The gross efficiency V - G_

^ P

T 2
G . , ^ n D

The thrust coefficient C_ = — ^— with S =

2 S^

ND
The rpm coefficient u =

The cavitation coefficient h

V

NPSH

The dimensionless parameters defined above can be plotted in

a diagram as the one represented in fig. 7 and then applied through

similarity considerations to the determination of a prototype propul-

sion unit of given dimension and speed.
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VII. TESTS ON THE 50 KNOT SOGREAH PROPULSION UNIT
SFJP TYPE IN THE CEAT (Centre d'Essais Aeronautique

de Toulouse) HIGH-SPEED TOWING TANK

After completion of tests carried out on the internal circuit,

using the test rig already described, and on the external circuit in

the tunnel, we designed and constructed a 800 kw prototype unit for

complete testing in the CEAT high-speed towing tank. Impeller

diameter is 0, 772 m for the prototype compared with 0, 268 for

the impeller of the model while the ratio of power consumed under
cruising conditions was 800/7 Kw for the two types of test.

The graph 8 shows the comparison of efficiency obtained on the

test rig for the scale model and in the tank for the prototype.

Curve 1 represents the net efficiency obtained with the 0, 772

diameter prototype. This efficiency takes account of the nacelle drag.

Curve 3 is derived from curve 1 by subtracting the external

drag losses of the nacelle and therefore represents the gross ef-

ficiency as defined above.

Curve 2 represents gross efficiency obtained with the scale

model, diameter 0, 268 m. Comparison of curves 2 and 3 shows
that the variation of efficiency with the thrust coefficient is properly
predicted from the model. The difference in efficiency between model
and prototype is of order of magnitude which can be anticipated from
scale effect consideration.

Figure 9 shows the net thrust Tn versus V characteristics -

the limiting curves are those derived from the model test results.

The points represent the results obtained to date on the 0, 772 m
prototype with operation near to the diagram limits.

The test program will be continued for even closer approach to

the operating limits. It must be noted here that the drag losses are
likely to be reduced if the trailing edge profile of the nozzle is mo-
dified which will help to improve overall efficiency.

The follow^ing characteristic parameters may be noted from
both figures :
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PROPULSIVE
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Fig. 1 Practical propulsive coefficient comparison

Cavitation limit

Cbnstont shoft powor

Fig. 2 Definition of peak thrust ratio
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Fig. 3 Scale model used in tunnel test on flow conditions at

the inlet of an SFJP propulsion unit

Fig. 4 Scale model test in tunnel of SFJP propulsion unit

external circuit
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Test-rig for high tptcific
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Fig. 5 SFJP propulsion unit test rit
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Fie. 7 SFJP Rig tests results
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S.F.J.P. propulsion unit

'n ;,

V (m/s)

Fig. 9 Range of characteristics of the 800 kw prototype (D = 0. 772 m)
deduced from test rig results (D = 0. 268 m)
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DISCUSSION

William B. Morgan
Naval Ship Research and Development Center

Bethesda, Maryland^ U.S.A.

The propulsion device discussed by the authors would more
appropriately be called a ducted propeller. The term water-jet is

usually reserved for a propulsion device where a pump is located in

a long pipe and the pump does not induce a drag around the duct. The
device shown in Figure 4 is a ducted propeller of the decelerating

-

flow type. Since the authors do not give any references it is not clear

whether they are familiar with the vast amount of literature which is

available. I thought that it has been conclusively shown that it is pos-
sible to consider the duct separately from the impeller and to perform
tests on the inlet, Figure 3, and the interior flow, Figure 6, separa-
tely. In the duct shown in Figure 4, the impeller would induce a cir-

culation about the duct which, in case of the decelerating -flow, would
cause a drag increase. I do not believe it is possible to separate the

internal and external flow as you have done.

In Figure 1, you have purportedly shown a comparison bet-

ween the efficiencies of various propulsion devices. This figure was
not valid when it was published nor is it valid today. Also one should
consider the partially-submerged propeller. This propeller is not

applicable to hydrofoil craft but can be a very efficient means of pro-
pulsion where there is a flat bottom at the stern.

REPLY TO DISCUSSION

Jacques Duport
SQGREAH

Grenoble 3 France

Thank you, Dr. Morgan for your comments. About the dis-

cussion on denominations, I think we have also to find names in
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French, for instance for "Z flow" or "straight flow" propeller

units.

Regarding the information contained in Figure 1 we know^ that

it may be obsolete to some extent, since we mention the date of the

source (1965). This discussion might be a good opportunity to collect

recent characteristics of propeller devices applicable to fast surface

ships. These informations should include not only the efficiency at

cruise condition but also some other parameters as the one we have
proposed (or equivalent) dealing with the "intermediate -speed" per-
formance and the weight-balance of the propeller unit.

We agree with Dr. Morgan that the "partially submerged
propeller" should be included in the comparison, while keeping in

mind that it is suitable only when no important relative movement
between the ship body and the water surface can occur.

The authors are well aware of the literature available on
ducted propellers, even if they are not familiar with all the methods
used in this field. For the sake of simplicity of experimental approach
they decided to carry out a "separate flow approach" as it has been
described in the paper. They agree that this is justified only if the

drag of the duct is properly taken into account, which is the case with

the method used. However they recognize that the justification has

not been clearly and sufficiently explained in the paper and they plan

to complement the present reply to Dr. Morgan in an appendix to

their paper.

APPENDIX
TO THE PAPER BY J. DUPORT, M. VISCONTI AND J. MERLE

* Water-Jet Propulsion for High-Speed Surface Ships"

This appendix is complementing the reply to Dr. J. W. Morgan's
discussion. The authors also take the opportunity of bringing comple-
mentary information on the test of the 800 kW prototype of the "Isere"

propeller.

The authors have written that "the hydrodynamics of intern-

al flow can be to a large extent analysed separately from the external
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flow analysis". This does not mean that each flow can be considered

as independent from the other ; particularly the circulation around the

duct and the negative thrust on this part of the propeller are properly

taken into account.

The authors were probably wrong not to explain clearly enough

that the so-called "separate flow approach" is preceded by a "complete

flow approach (i, e. dealing with both flows together) which serves the

purpose of determining the respective "limit conditions" (i. e. bound-

ary conditions) of each flow.

Before coming back to this "complete flow approach "which,

in the case of the "I sere" design studies, was a simplified one - we
feel it advisable to emphasize :

(i) that either internal or external flow is entirely determined
as soon as the "limit conditions" are fixed. For the internal flow,

these conditions are (see Figure 10) :

the "flow tube" separating both flows, upstream as well as

downstream of the propeller, and the internal solid boundaries ;

pressure (which is equal to p«>) at each remote cross-
section SI and Sj ;

velocity distribution in each of these sections. Each flow

can then be analysed from these limit conditions (as soon as they are

known) without further reference to the other part of the complete
flow,

(ii) predetermination of the "complete flow" need presetting of

- the circulation around the duct (or equivalently the intern-
al rate of flow)

- the radial load distribution of the impeller (or equivalent-

ly the normal velocity distribution in section Sj ,

Once these figures are preset, the profiles (and r,p,m. ) of

the impeller (stator and rotor) have to be designed in accordance with
them ; it is enough for that to apply to the impeller design the limit

conditions proper to the internal flow,

(iii) in a "inviscid flow approach" as the one considered present-
ly, the thrust of the propeller (including the duct) can be derived from
the internal flow description alone. This is an obvious result of the

nnomentum equation applied to the complete flow,
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Fiq.iO

Fig. 11
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Asa result of this :

- presetting of the figures mentionned in (ii) here above
takes account directly of the required thrust ;

- the propeller thrust can be derived frora the thrust measur-
ed on the "internal flo-w" model as described in paragraph
VI of our paper.

As already mentionned the "complete flow approach" was a

simplified one which appeared to be applicable due to the reduced
contraction between the nozzle outlet and the jet diameter. (Diameter
ratio .95).

According to this the downstream separating flow tube was
assumed to be the same as the "free-jet" flow surface. As indicated

in the paper, the slight discrepancy might be corrected through a li-

mited nozzle diameter adaptation if required. It must be noted here
that the "complete flow" test on the prototype did not give any evidence
of such effect, and no correction had to be applied.

The determination of the "upstream separating surface was
made through the "potential flow approach" described in paragraph
V, 2. a and illustrated in Figure 1 1 attached to this annex.

To conclude we would like to insist on the fact that the ac-
cordance between the "expected performances" (for instance thrust

versus r.p.m, etc) and the measured performances of the prototype
is quite satisfactory in the whole range of parameters. This, as well
as the relative simplicity of the approach, is, may be, the best justi-

fication for the way w^e followed.

The tests in Toulouse have been continued through an im-
provement of the trailing edge of the nozzle (which was formerly un-
duly thick) the efficiency has been raised by more than 1%, the net

efficiency is then now a little more than 66, 5% .
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THE FORCES ON AN AIR-CUSHION VEHICLE
EXECUTING AN UNSTEADY MOTION

Lawrence J. Doctors
Un-iversity of New South Wales

Sydney 3 Australia

ABSTRACT

This paper treats the theoretical problem of an
air-cushion vehicle (ACV) travelling over water of

uniform finite or infinite depth, with an arbitrary-

motion. The ACV is modelled by a pressure
distribution applied to the free surface of an invis-

cid incompressible fluid and the boundary condi-
tions on the free surface are linearized.

Numerical results are presented firstly for accele-

rated motion from rest. In deep water, the hump
condition is delayed to a higher Froude number,
while in finite depth, the hump resistance is

appreciably reduced - even by moderate levels of

acceleration.

The effect of tank walls on these results when
carrying out model tests is next examined. The
side walls of the tank alter the resistance by less

than one per cent in accelerated motion, if the

tank width is greater than four times the model,

beam.

Finally, calculations of the side force acting on a

yawing ACV are presented. For super-hump speeds,

the side force is of the same order as the wa-
ve resistance and favorably aids the turn. It is al-

so shown that the steady-state forces are realized

when the craft has travelled a distance of less

than two vehicle lengths after a manoeuver.
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I. INTRODUCTION

I. 1. Background

Havelock (1909, 1914 and 1926) was the first to study the

theoretical problem of the wave resistance of a pressure distribu-

tion. His interest lay in a desire to represent the disturbance from
a ship. As a result, the pressure distributions that he chose to ana-
lyze were very smooth and were not typical of the pressure under-
neath an air-cushion vehicle (ACV). However, later on, Havelock
(1932) derived the general expression for a pressure distribution

travelling at a constant speed of advance. In this paper, he also

showed that, under the assunnption of a snnall disturbance, the action

of the pressure was equivalent to a source distribution on the undis-
turbed free surface. The relation was :

-- ' '" -

(1)
P g dx

where <J and p are the source intensity and pressure at the sanne

point, c is the velocity in the x direction, p is the density of the

fluid and g is the acceleration due to gravity.

Lunde (1951a) extended the theoretical treatment to include

the case of an arbitrary distribution moving over finite depth. Nume-
rical calculations which are directly applicable to the ACV have been
carried out by other workers. For example, Newman and Poole

(1962) considered the two cases of a constant pressure acting over a

rectangular area, and over an elliptical area. The most striking

feature of their results is the very strong interaction between the

bow and stern wave systems. The resistance curves displayed a se-

ries of humps and hollows - particularly for the rectangular distri-

bution (where the interaction would be greater). A hump is produced
when the bow and stern wave systems are in phase and connbine to

give a trailing wave of a maximum height. A hollow occurs when the

two wave systems are out of phase by half a wavelength so that the

combined amplitude is a minimunn.

The interference effects are found to be stronger for large

beann to length ratios, as would be expected from this argument,
since the wave motion becomes more nearly two-dimensional. The
humps are found to occur at Froude nunnbers given approximately by

= 1 / \(2n - l)7r for n = 1, 2, 3,
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and the hollows occur approximately when

F - 1 /\ 2 7rn for n = 1 , 2, 3, . . . (3)

In the limit of infinite beam (a two-dimensional pressure band), the

humps and hollows are given precisely by Eqs (2) and (3). This re-

sult was found by Lamb (1932),

In water of finite depth, the main, or "last", hump (n = l)

is shifted to a lower Froude number, and for sufficiently shallow

water, occurs at a depth Froude number, F^j , equal to unity

(that is, at the depth critical speed). Similar calculations were given

by Barratt (1965).

Newman and Poole also considered the effect of a restricted

waterway, such as a canal. In such a case, the wave pattern is cons-
tituted from wavelets of discrete frequencies only, which can exist

in the tank, whereas in laterally unrestricted water a continuous

distribution of frequencies exists. As the speed is increased past

the critical speed, the transverse wave component can no longer

occur, and as a result there is a discontinuity in the wave resistance

curve. This sudden drop in resistance is given by

AR = (4)

2pgBd

where W is the weight of the ACV, B is the width of the tank and
d is the water depth.

Havelock (1922) also presented some results for a very
smooth pressure distribution moving over water of finite depth. These
too, showed the shift of the main hump and the increase in its magni-
tude in shallower water. Havelock' s curves displayed only the main
hump. The secondary (n = 2) and other humps did not occur because
of his choice of pressure distribution.

In recent years, a number of experiments have been carried

out in order to check the above-mentioned theoretical results. These
have been performed in particular by Everest (1966a, 1966b, 1966c

and 1967) and Hogben (1966). The fundamental question pointed out in

these papers is the resolution of the total drag on the ACV into its

components. Apart from the wave resistance, the forces acting on

the craft are aerodynamic drag and wetting drag.
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In these experiments, the total drag was usually measured
with a dynamometer. The aerodynamic drag was then estimated from
the drag coefficient on the model, and the momentum drag was obtain-

ed from the mass flow into the cushion. The agreement between theory

and experiment was found to be best at speeds greater than hump. At
lower speeds, nonlinear and viscous effects become important and

there was a large scatter in the data.

To avoid the troublesome wetting drag, Everest (1966a)

attempted to eliminate it using a thin polythene sheet floating on the

water surface. The resistance breakdown is further discussed by

Hogben (1966). The experiments only indicated the presence of the

first two (n = 1, 2) and possibly there (n = 3) humps. Hogben

(1965) showed that this result fitted in with the idea that the maxinnum
ratio of wave height to length is about one seventh. That is, wave
breaking prevents the occurrence of the additional humps.

Further experimental work by Everest, Willis and Hogben

(1968 and 1969) dealt with an ACV at an arbitrary angle of yaw. This

problem was also studied numerically by Murthy (1970). In the expe-

riments, the wave resistance was measured directly from a wave
pattern survey, using the transverse cut method. There was consi-

derably less scatter in the data using this method, since the rather

doubtful technique of estimating the wetting drag was eliminated. In-

deed, the agreement was found to be somewhat better, particularly

for the lower of the two cushion pressures tested.

In an attennpt to get better agreement with experiments at

lower speeds. Doctors and Sharma (1970 and 1972) used a pressure

distribution which essentially acted on a rectangular area but had a

controlled amount of snnoothing - both in the longitudinal (x axis)

and in the transverse (y axis) direction. The distribution used was :

p(x.y) =XPo tanh |a(x + a)[ - tanh |a(x - a)MX

tanhj |3 (y + b)( - tanh
j i3 (y - b)(

, (5)

where Pq is the nominal cushion pressure, and a and b are the

nonninal half-length and half-beam respectively. The rate of pressure

fall-off at the edges is deternnined by the paranneters a and .

This function is shown in Fig. 1. As a special case, a , /3
—

>
oo is

equivalent to a unifornn pressure acting on a rectangular area 2ax 2b.

In practice, of course, the pressure at the edge of an ACV

38



Foraes on an A.C.V. Executing an Unsteady Motion

does fall-off at a finite rate, corresponding approximately to a a = /? a

= 40. Nevertheless, it was found that only by selecting aa = /3 a = 5,

could the humps in the resistance curve above the third be essentially

eliminated. Thus clearly, viscosity and non-linearity are important
at low speeds. Some of these calculations are reviewed in this paper.

Another problem of practical interest is the wave resistance
during accelerated motion, as one is frequently concerned with the

ability of a heavily-laden craft to overcome the hump resistance in

order to reach the cruising speed.

The problem of accelerated motion for a ship has been treat-

ed by Sretensky (1939), Lunde (1951b, 1953a and 1953b) and Shebalov

(1966). Wehausen (1964) nnade numerical calculations for a particu-

lar motion of a ship model starting fronn rest. His results consisted

of asymptotic expressions valid for large values of the time after a

steady speed was obtained.

Djachenko (1966) derived an expression for the resistance
of an arbitrary pressure distribution moving with a general accele-
ration pattern in deep water. He also presented some results for a

two-dimensional distribution.

Doctors and Sharma found that the main effect of accelerat-

ed motion on an ACV is to shift the main hump to a higher Froude
number, and in finite depth to reduce the magnitude of the hump quite

significantly. These results are partially presented in this paper,

1.2. Present Work

The basic theory for the wave resistance of a time varying
pressure distribution will first be given. Then the results will be
applied to the case of an ACV executing rectilinear motion in a hori-

zontally unrestricted region.

The work will then be extended to the case of an ACV moving
along the centerline of a rectangular channel. From these calcula-

tions it is possible to determine the effect of the tank walls on the

wave resistance.

Finally, the case of a yawing ACV will be examined. In

particular, the induced side force acting on the craft will be deter-
mined, so that its importance during a manoeuver may be assessed.
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II. BASIC THEORY

II. 1. Problem Statement

We represent the ACV by a pressure distribution p(x, y, t)

acting on the free surface, and travelling with the speed of the craft.

Two right-handed coordinate systems (reference frames) will be used,

and are shown in Fig. 2. A third coordinate system that rotates with
the craft during a yawing motion will be introduced later. The axis

system ^yz is fixed in space, and the system xyz moves with the

craft, z being vertically upwards while x and ^ are in the direc-

tion of the rectilinear motion. The relation between the coordinates
is then given by

= ^ - s(t)

= ^

/
c( t) dr (6)

where s is the distance that the craft has moved. The pressure in

the stationary reference frame is denoted by p* ( I , y. t). The
velocity potential in the stationary frame, (such that the velocity

is its positive derivative), satisfies the Laplace equation, so that

V^Cj) = (7)

The kinematic boundary condition on the free surface requires

that a particle of fluid on the surface remains on it (for example, see

Stoker (1957)), so that

D
Dt f(^ 'y'%-^ =

where f is the elevation of the free surface. Now we have the sub-

stantial derivative :

D
- ^ + <^. +

<t>

d Y zDt dt '^ d^ y

so that the exact kinematic condition beconnes

*. - *{ ff y iy z=r
f =
^ t

(8)

The linearized kinematic condition is obtained by dropping the second
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order terms, and then writing the remaining terms as a Taylor
expansion about the point z = 0. After dropping the higher order
terms again, we obtain simply

z = f =
^ t

(9)

The dynamic condition on the surface - the Bernoulli equa-
tion - in the stationary frame is

t 2 ^ y z z=f^^^8f -i, 101

where f is an arbitrary function of time, which may be put to zero
without loss of generality. Eq. (10) is now linearized to give

[*t] .=0
+ _L + gT =

p
;ii)

The combined free surface condition is obtained from Eqs.
(9) and (11) by eliminating f

</>,, + g <i>^
z =

1 s— P .
12:

The final boundary condition needed states that there should
be no flux through the water bed :

4>
z=-d

= n:

II. 2. The Potential

The solution of this set of equations can be obtained by an
application of the double Fourier transform pair :

F(w, u) =—
00 00

dy f(x, y) exp |-i(wx + uy)
[

and

f(x, y) =

00 ao

f f—
/ dw / du

- j J
F(w, u) exp |i(wx + uy)

[ , (14)

and the Laplace transform pair :
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L {f(t) (
= / f(t) exp(-qt) dt

5 + i oo

f(t) =^^ //-{f(t)( exp(qt)dt (15)

h — \ oo

5 being a positive constant.

The Fourier transform of Eq. (7) is first taken, giving

2
$ - k $ = (16)
zz

where 4> is the Fourier transform of </> , and

2 2 2
, ,k = w + u (17)

The solution of Eq, (16) subject to the transformed bed condition,

Eq. (13), is

<I)(w, u; z, t) = A (w, u; t) . cosh jk (z + d
)f (18)

Eq. (18) is now substituted into the Fourier transfornn of the

free surface condition, Eq. (12), giving

A + 7^A = - — sech (kd) P (19)
tt P t

where P is the Fourier transform of p^ and

7^ = gk- tanh(kd) (20)

We now take the Laplace transform of Eq. (19) :

22 2 1

(q + 7 ) i^{A( = sech(kd) q L\ P(w,u;t) (- P(w,u;0)

The inverse Laplace transform is taken, using the convolution theo-

renn on the first term :
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4>
, V cosh ] k(z + d) [
(w, u;z, t) = ' \,, J

. . . +

p . cosh(kd)

sin (7 t)

t

/ P(w, u; T ) • cos|-y (t - r)ldr

L

P(w,u;0)

We express P by means of the Fourier transform, and then the

inverse Fourier transform is taken :

t 00 00

4>{^ ,Y, z, t) =

S' -^

dw
I
du p (r,y', r)

cosh|k(z + d)f i-v/""! \ ,, ,\ / \l
tStTx ^ 'cosl \gk. tanh kd) • t- t)\

cosh (kd)

<7.

exp{i(w(^ - r) + u(y -y'))} + -^//dS' /

00 S' -^

/^,, ^^( t' .r> n\
coshjk(z + d) }^^p ^^'y'^) cosh(kd)

—

— 00

sin(Vgk'tanh(kd)'t)

-y/gk'tanh(kd)

dw

{i(w(^ - n + u(y-y'))( (21)

s 5
3 = P

and y' are dummy variables in the stationary reference frame
where p^ = p" (^'.y', t ) , defined over the area S' , while ^'

Eq, (21) is the potential for an arbitrary time -varying
pressure distribution starting at t = , Thus the solution for the

general motion of an ACV is obtained. In the following sections, we
shall consider special motions of a pressure distribution which is

non-time varying with respect to axes rigidly attached to the vehicle.

III. RECTILINEAR MOTION IN HORIZONTALLY UNRESTRICTED
WATER

III. 1 . The Potential

We now consider motion of a craft starting from rest at

t = . The expression for the potential, Eq. (21), may be simpli-

fied by partial integration of the five-fold integral with respect to t :
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t OO CO

<^(^,y.z,t) = --^- //dS' / dr/ dw / dup^^(r.y;r)

S' -o° -°°

cosh{ k(z + d)} sin{7(t - t )f

cosh(kd)
*

7 '
'

... exp{i(w(^ -^') + u(y - y'))} (22)

The pressure distribution, p^ , as measured in the stationary

reference frame is a function of time. It is related to the pressure
in the moving frame, p , by the following equation :

p (I .y.t) = p(x, y)

= p(^ - s(t),y) (23)

III. 2. The Wave Resistance

The resistance of the pressure distribution is defined as the

longitudinal component of the force acting on the free surface, and is

therefore given by

R(t) = / p^^ ,y,t) f^ d^ dy :24)

'S

Substituting Eq. (11), we obtain

R =

s

The second term in this expression contributes nothing to

the integral providing the pressure drops to zero at ^ =i:oo. The
result for <^ , Eq. (22), is now used. If one expresses the pressure
in terms of the moving frame by Eq. (23), then the wave resistance

becomes :

t OO OO

R =-—
^^

//p dS // p'dS' / c(t) dr/ dw /du w?cos{7(t - T
) [

S S' -OO -OO

exp)i(w(x - x' + s(t) - s(t)) + u(y - y'))(

The real part of the integrand is now expanded. Then it is simplified

by invoking properties of even and odd functions. The final result is :
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I CO oo

R =—^-^ /c( r ) dr / dw / du w^ . (P^ + Q^) .

2- Pg7 J J
-oo

. cos|\gk' tanh-kd) • (t - t ) (
' cos { w(s(t) - s( t ))} , (25;

where

- =//'qI:::!
=//p(-v) X(wx.uy)dxdy (26;

s

The range of the u integration in Eq. (25) may be halved for a pres-
sure symmetric about the x axis,

Eq. (25) is similar to that for a thin ship obtained by Lunde
(1951b). His formula included an additional integral which was sim-
ply proportional to the instantaneous acceleration. This extra term
is zero if the singularity distribution (Eq. (l)) lies on the free surfa-

ce - as for a pressure distribution.

The steady-state wave resistance can be derived from Eq.

(25) by allowing the velocity of the craft to be constant for a long time.

If the velocity is suddenly established at a value c , then one obtains
oO

-| /w^ dw / <

IT peJ J

R = ^ /w" dw / du (P + Q )

47r pg

sin] (7+wc)tf sin|(7 -wc)tf

7 + wc 7 - wc

As t —» oo , the oscillations in the integrand increase so that there
is only a contribution from the second term, and this occurs when

7- wc = (27)

This is the relationship between the transverse and longitudinal wave
numbers for free waves travelling at the speed of the craft. The
analysis is simplified if we use polar coordinates :

w = k cos 6

and

u = k sin ^ (28)

where k is the circular wave number and d is the wave direction.

The limit process is carried out for a similar case by Havelock
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(1958), and the final result is

r -^1 v^"

R =
Zirpg

-7/2 d,

k cos d

1 - k d. sec^ d. sech2 (kd)

in which

,|P (k cos e,k sine) + Q (k cos , k sin e)( d^

/

and k is the non-zero solution of Eq. (27), that is, of

(29)

(30)

k - k sec d ' tanh(kd) = (31)

The lower limit for 6 is taken as 6. , the smallest positive value

of B satisfying Eq, (31) for a real k . It is given by :

% = °

= arcc

for k d>l (subcritical speed)
o

os\k d for k d<l (supercritical speed) (32)

III. 3. Results

Sonne results previously published (Figs. 3 to 7) are now
presented to show some of the effects of the choice of pressure dis-

tribution given by Eq. (5). For this choice, it was shown that

, . _ TV ' sin(aw) it' sin(bu)
P(w,u)-p^

^.sinh(7rw/2a) * ^ • sinh( 7ru/2^ )

and

Q(w,u) =

while the weight supported by the pressure is just

W = 4 p ab
o

(33)

(34)

For convenience the wave resistance is expressed as a dimensionless

coefficient :
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c W p
o

Fig. 3a shows the wave resistance of a distribution with a

beam to length ratio of l/2. The variable used for the abscissa is

A = 1/2 F . This has the effect of expanding the horizontal scale

at low Froude numbers. Curve 1, with Q,a = ^ga = «» , displays the

unrealistic low-speed oscillations which are characteristic of the

sharp-edged distribution and were referred to previously. It is seen,

that with increasing degrees of smoothing (smaller values of «a and
/3a), the low-speed humps and hollows may be eliminated. The case
with aa = /3a = 5 results in only about three humps, more in keep-
ing with experiments. Fig. 3b presents results for finite depth water
for three different distributions. The chief difference now is that the

main hump is shifted to the right and occurs near the critical depth
Froude number. It is seen that Curve 2 has smoothing applied only

at the bow and stern -equivalent to a sidewall ACV. The result is

similar to the case for smoothing all around, showing that the wave
pattern is essentially produced by the fore and aft portions of the

cushion and not the sides. The resistance in the region of the main
hump is hardly affected by the smoothing.

The result of varying the depth of water is displayed in Fig,

4. The peak resistance increases in magnitude as the depth decrea-
ses, and occurs in each case at a depth Froude number slightly less
than unity. The location of the other humps is also affected, but to

a lesser degree.

Beam to length ratio is varied in Fig. 5. The general effect

of increasing the beam is to increase the maxima and to decrease the

minima in the wave resistance curve. This is due to the transverse
waves assuming greater importance as the two-dimensional case is

approached. A secondary effect is a shift in the locations of the oscil-

lations to the right, so that in the limit of infinite beam, they occur
at Froude numbers given precisely by Eqs (2) and (3).

We now turn to the effect of constant levels of acceleration
of the craft from rest. Fig. 6a applies to a smooth (aa = 5) two-
dimensional pressure band moving over deep water. A general dis-

placement of the oscillations to higher Froude numbers occurs. This
shift is greater for the higher acceleration. In addition, most of the

low-speed oscillations apparent in steady- state motion do not occur
in accelerated motion. The resistance of a smooth band over finite

depth water is shown in Fig. 6b. Here the reduction of the peaks is
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even more dramatic than in deep water. More striking, however, is

that for this and for all other two-dimensional cases studied, the

wave resistance becomes negative beyond a certain velocity in finite

depth. The resistance then asymptotically approaches zero. (The
ordinate in this figure is plotted on an arsinh scale. ) The depth

Froude number at which the negative peak resistance occurs in shal-

low water has been found to be

F = 1+2 Vac/gd (36)

The resistance of an accelerating three-dimensional pressu-
re distribution is shown in Fig. 7a (deep water) and Fig. 7b (finite

depth). In deep water, the wave resistance shows similar, but less

marked, effects due to acceleration as does the corresponding two-
dinnensional case (Fig. 6a). In finite depth, there is again a strong

reduction in the main peak as well as an elimination of nearly all the

low-speed oscillations. However, there is no region of negative wave
resistance -thus indicating the influence of the diverging wave pattern.

IV. RECTILINEAR MOTION IN A TANK

IV. 1. The Potential

We now consider the problem of an ACV moving along the

centerline of a rectangular tank of length L and width B . The
initial distance at t = between the starting end of the tank and the

coordinate axes xyz fixed to the model is taken as a . This pro-

blem is crucial to the testing of models, as one must know the effect

of tank walls. For instance, during steady motion in an infinitely long

tank, Newman and Poole showed that the effect of tank width in the

neighborhood of unit depth Froude number to be importance (see Eq-

(4)).

We utilize Eq (22) for the potential in a horizontally unbound-

ed region, and satisfy the additional condition of no flux through the

four tank walls, by employing a system of image ACVs as shown in

Fig. 8. We consider first only the array of distributions on the tank

centerline, and later on apply the boundary condition on the tank

sidewalls. The potentials for the individual distributions, <p , are

related to the primary potential, <t> , as follows :

(n)
<t> ( ^ > y> z, t) = <t>{ ^ - nL, y, z, t) for n even.
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(^ ( ^ , y, z, t) = (- ^ + (n + 1)L -2a , y, z, t) for n odd.

We add 4> to (^'''^
, (^^^ to </"^^

, (/>'2^ to (/'^^
, and so on.

This only alters the exponential factor in Eq. (22), which now beco-
mes :

factor = 2 exp|i(w(- a ~ V ) + u(y - y ')) [ ' cos]w( «t + ^ ) [ 2 exp(2inwL)V

The integral with respect to w of this factor in Eq. (22) can be

simplified using the Poisson sunnmation formula to give
t

V7^jf'^f^^XJ^''^\
</>( ^ ,y, z,t) = - ^—-^;/dS' /dr „2„/dup^ (T.y', r )

coshjk (z + d)( sin]7(t-T)(
• • TTl

—

T\ ' cosjw {(X + ^ )\cosh(k d) 7 ' n '

n n

exp{i(w {-a -^') + u(y - y'))| ,

where

w = TT n / L
n

2 2 2
k = w + u
n n

and

yn' = gk . tanh(k d) (3 7)

We now satisfy the condition on the side walls of the tank by
including the image ACVs on lines parallel to the tank centerline. The
procedure is similar to that just carried out, and if we assume that

the pressure distribution is symmetric about the x axis, then

t

S',
, ^

cosh]k (z + d)} sin]7 {t - t )\mn '
< mn '

, , ^ >>•••
TJy 1\ ' cosjw \a -^ i)\cosh(k d) 7 ' n '

mn mn

• expji(w (-<r -r) + u (y - y'))} , (38]

where
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u =2 rrm/B , (39)m

and

2 2 2 (40)k = w + u .

2
7 = gk • tanh(k d) , (41)

e =1/2, e =1 for n>
o n

IV . 2 . The Wave Resistance

The method of obtaining the wave drag is the same as in the

previous section and utilizes Eqs (24) and (38). After some algebra,
one obtains :

2
''

R =
/eo oo 2

/ ,

c( T ) dr 2 €n 2; e w • cos] \gk • tanh(k d) ' (t - t )
[•

nto V.0 m n < ^ mn ^ mn ^ ^ ' '

u

2
P |cos(w (s(t) - s( T ))) - cos(w (s(t) + s( r) + 2 (t))[ + . . .mn ' n n '

2
+ Q ]C0S(W (s(t) - S( t))) + C0S(W (s(t) + s(t ) + 2(T )) + . . .mn ' n n

+ 2 P Q sin(w (s(t) + s( T ) + 2(7 )) , (42)mn mn n '']
where

and

P = P (w , u )mn n m

Q = Q (w , u )mn n m
It is clear that the fluid motion in the tank consists only of wavelets
whose wavenumbers are given by Eqs (37) and (39). and that in the

limit of L — oo and B — oo
, the result for a longitudinally and

laterally unbounded region is recovered. The terms containing c

are due to reflections off the starting end of the tank, and as a —> oo

they contribute nothing to the wave resistance.
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The wave resistance for steady motion in an endless tank
may be obtained from Eq. (29) by setting up a laterally disposed
array of images. The result, derived by Newman and Poole, in the
present notation, is

2k ^ k • tanh(k d) |p +Q f

R =—^ 2 ^m
^^ —

^ (43)Pg m.-O 2k - k tanh(k d) - k k d' sech^(k d)m o m ' mo ^ m

in which u is given by Eq. (39) and w bvm ° / -1 \ / m -^

, 2 2 2
k = w + um m m

The circular wave number, k , is the solution ofm
2

k - k k tanh(k d) = u (44)m m o m m ^

(The value of k^^ when m = is distinct from, and generally not
equal to, k^ , the fundamental wave number.

)

IV. 3. Results

The wave resistance of a smoothed rectangular distribution
moving in a tank is shown in Fig. 9. In deep water (Fig. 9a), it is

seen that the effect of the walls is small for B/a = 2 . For B/a > 4
(tank width greater than four tinnes model width), the resistance coef-
ficient differs from the infinite width value by less than 0, 01. It may
be pointed out here that for the special case of B/a = 1 , that is, the
tank width equal to the nominal beam of the model, the pressure
carries approximately 7% of the weight of the ACV beyond the tank
walls. However, it can be shown that this case is mathematically
equivalent to a two-dimensional pressure band spanning the width of

the channel.

In finite depth (Fig. 9b) the influence of the tank walls in the

region of unit depth Froude number is considerably greater, as was
shown by Newman and Poole. The drop in wave resistance (Eq. (4))

at the critical speed does not depend on smoothing. Even when
B/a = 64 , so that the tank width is sixty-four times the model beam
there is a discontinuity in resistance coefficient of 0. 188 . Thus
steady-state experiments in this speed range are difficult.
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The effect of side walls of an endless tank on the wave resis-

tance of an accelerating ACV is displayed in Fig. 10. Two different

levels of acceleration in both deep water and finite depth were calcul.

ated. In all cases the wave resistance is a smooth function of the

tank width. For the low-speed range, increasing tank width generally

decreases the wave resistance. On the other hand, this trend is re-

versed for high speeds (greater than the hump speed).

The case of infinite tank width is not plotted, in order to

avoid confusion with the case of B/a = 4 , with which it is almost
identical. This difference in wave resistance coefficient for the cases

calculated is less than 0. 01 , so that one might consider that a tank

width equal to four times the model beam to be essentially infinite.

Even in finite depth there is no sudden change in resistance

as the model accelerates through the critical depth Froude number.

(A depth Froude nunnber of unity is passed when f^g/a = 14. 14 if

c/g = 0.05 , and when t-y/g/a = 7. 07 if c/g = 0. 1 . ) This sharply

contrasts the case of steady motion, in which the drop or discontinui-

ty in wave resistance coefficient when d/a = 0.5 and B/a = 4 is

3. !

The effect of the tank end walls was found to be slightly

greater in finite depth, and thus only the former is shown, in Fig. 11.

The case of an infinitely wide tank is presented in Fig. 11a for

a/a. = 1,2 and °o . In the region near t = , there is a slight in-

crease in the resistance when a /a. = 1 only. Incidentally, when
ff/a = 1 , part of the pressure "extends" beyond the starting end

wall, so one must expect some interference. When cr /a = 2 , the

clearance from the starting end wall is half a craft length and there

is no noticeable interference.

The two curves for the finite values of a were calculated

for a tank length L/a = 20 . There is no perceptible effect from the

far end wall until the nnodel "passes" through its image - as indicated

by one or two oscillations in the curves near t-Wg/a = 20 .

The case of B/a = 1 (that is, a two-dimensional pressure

band) is shown in Fig. lib. For the case of no nominal separation

of the craft from the starting end wall at t = , there is now a slight-

ly greater effect on the wave resistance.
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V. FORCES ON A YAWING ACV

V. 1. The Potential

We now consider the special case of an ACV travelling for

a long time in the longitudinal or x direction. The craft is either

fixed in a steady yaw position, or it starts a yawing motion after

initial transients have died away. We may therefore use Eq. (21) for

the potential, and drop the second term which will approach zero as

t —+ OO

V. 2. The Forces

The wave resistance is defined by Eq. (24), and the side for-

ce by

S(t) = // P^ ( ^ ,y,t) r^ d^ dy (45)

S

Thus the side force is the positive force to port (the y direction)

required to hold the craft on a straight course.

The analysis for the two forces now continues, as in the

case for rectilinear unyawed nnotion in horizontally unrestricted wa-
ter. The forces are :

_t

R
S

j:;^jdrjjp{.,y,t)dsjjp{^',r,r)dS'j dwjdu(^)

OS S' _oo -oo

• sin|7(t - t)\ • exp|i(w(x -x' + s(t)-s(T) + u(y - y')) } •

7

And after some simplification:

R__
S ' 2

"0 "o -^o

-2— / dr/ dw / du C")' y ' sin J7 (t - r)(*"^ 1 1 J
""

(46)[0 -•So

(QP'-PQ'). cosjw(s(t) - s(r))} +(PP'+QQ')' sin{w(s(t) - s( t))(

in which

P = P (w,u, t) ,

Q = Q (w,u, t) ,

P' = P (w,u,t)
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and

Q' = Q (w,u,t) .

It is convenient to calculate the P and Q functions using
an axis system x y z that rotates with the craft rather than the xyz
system, in which the x axis lies in the direction of motion. This is

illustrated in Fig. 12. The yaw angle e (t) is taken positive for clock-

wise rotation of the craft, when looking down on it. If w* and u*
are the induced wavenumbers relative to these craft axes, then

w* (t) = w cos
I

e (t) )
- u sin { e (t) [

= k cos
j ^ + « (t)

f

and

u* (t) = w sin
{ € (t) [ + u cos j c (t) } = k sin

j ^ + c (t)
f

. (47)

Then it nnay be shown that

P(w
Q(w

S

analogous to Eq. (26).

,U,t)_ / */» ^f^COS/*^». )«^^v^(.^^ ,,
, u,t)

'
/ P ^^ '^ ^ sin

^"^ "^ y )
dx dy*, (48)

For the pressure distribution given by Eq. (5), it imnnediately follows

from Eq. (33) that

_/ X _ 7r'sin(aw*) 7r'sin(bu*)
^^w,u, tj-p^

^.sirih(7rwy2a) /3 •sinh(7ru V2 /3)

and

Q(w,u,t) = (49)

We now consider a craft travelling at a constant velocity at

a fixed angle of yaw from tinme -T to , and then allowed to yaw
up to time t . The t integral in Eq. (46) for just the first phase
of the motion is

I = / sinJ7(t - t)} • [(QP' - PQ') cos{wc(t -r )}+...

-1
-I

. . . + (PP- + QQ') sinjwc(t - r )(
I

dr
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=— {Q(w, u, t) P(w,u, -0) - P(w, u, t) Q(w, u, -0)}*

rcos{(7+wc)t} cos{(7+wc)(t+T) } cos)(7-wc)t} cos{(7-wc)(t+T)M

I
7 +WC 7 + wc 7-wc 7-wc J

. . . +—jP(w, u, t) P(w, u, -0) + Q(w, u, t) Q(w, u, -0)}.

sinj(7+wc)tj sin{ (7+wc)(t+T)f sin{(7-wc)tf sin
j (7-wc)(t+T)t

7+wc 7+wc 7-wc 7-wc

We consider first the case when t = and T —> oo (that is,

a steady state). The four terms containing the cosine factors, and the

first and third sine factors are zero. The fourth sine term is the only-

one that gives a non-zero result in the wu integral of Eq. (46) as

T —> oo . The steady-state forces may be obtained in the same manner
as the limit of Eq. (25) for large time :

R
S Zttp

-^1 7r/2-

_-7r/2
^1 -I

T
3 , cos 6

.

^sin e'

2 2, ,

1 - k d 'see B ' sech (kd)
o

•{P (k cos d, k sin ^) + Q (k cos 6, k sin d) } d9
, (50)

where k , k and 6^ are given by Eqs (30), (31) and (32).

If we now assume that the ACV starts yawing at t = , then

as T—> oo , the second and fourth cosine terms, and the second sine

term contribute nothing to the wu integral in Eq. (46). The expres-
sion for the forces after t = becomes :

1R ^
S 2 TTpg

r -^1 V2

-"/2 e.

"A 1 ,cos 6

2 2, ,

1 - k d 'sec 6 ' sech (kd)
o '

•{P(w,u, t) P(w,u, -0) + Q(w,u, t) Q(w,u, -0)} dO +...

(cont'd over)
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oo oo

dw / du C^)' 7 '{QCw, u, t) P(w, u, -0)

-oo

- P(w,u, t) Q(w,u, -0)['
cos|(7+wc)t[ cos|(7-wc)t[

7 +WC 7 -wc

oo oo

—

^

/ dw / du C). y, {P(w, u, t) P(w, u, -0) + . . .

1^ pg J J
— oo

sin|(7+wc)t[ sin (7-wc)t[~|
. + Q(w,u, t) Q(w,u, -0)}"

7 +WC 7 -w^c

t OO oO

. . . + —

^

I
dr

I
dw / du

( ). 7 , sin|7(t- t )|<

- Pg ] J J
""

(51)

-°^

JQ(w,u, t) P(w,u, t) - P(w,u, t) Q(w,u,r)[ .cosjw(s(t) - s(r))[ + .

. . . + {P(w,u, t) P(w,u,r ) + Q(w,u,t) Q(w,u,t)J •sin{w(s(t) - s(T))f I"

V. 3. Results

The (steady-state) wave resistance of a yawed ACV is shown
in Fig. 13. Fig. 13a indicates the marked effect of snnoothing the

pressure fall-off on a rectangular cushion, for a Froude number of

unity. This is accentuated for yaw angles in the neighborhood of 10°

and 85° . The peaks would seem to be caused by interference bet-
ween short wavelets - as short wave connponents are not produced by
a smoothed distribution. The slopes of the curves are zero at yaw
angles of 0° and 90° - as required by symmetry.

The variation of wave resistance of a smoothed distribution

with yaw angle for a series of different Froude numbers is displayed
in Fig, 13b. At super-hump speeds, yawing the vehicle increases
the effective Froude number so that the resistance drops a little. On
the other hand, yawing at a sub-hump speed (for example, F = 0. 4)

can bring the craft onto the hunnp (at constant speed of advance), and
thereby increase the resistance.

The wave-induced side force is shown in Fig. 14. It is non-
dinnensionalized in the sanne nnanner as the wave resistance in Eq.{35J
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The effect of smoothing on side force (Fig. 14a) is seen to be

even more vivid than on resistance (Fig. 13a). Increase in sharp-

ness has a considerable effect on the side force for very small, or

for very large, yaw angles - even at this relatively high speed. At
the same Froude number, the effect of sharpness on unyawed wave
resistance (Fig. 3a) was considerably less. The linear theory pre-

dicts a peak dimensionless side force of 2. 63 in contrast to a dimen-
sionless wave resistance of 0. 73 at zero yaw angle. It seems that

nonlinear and viscous effects would preclude the development of such
large side forces in practice.

Different Froude numbers are considered in Fig. 14b. The
side force (for aa = /3a = 5) is seen to be positive for super-hump
speeds, and therefore favorable during a coordinated turn. It reaches

a maximum at a yaw angle of about 30"
. Thus there is an optimunn

sideslip angle for generating the maximum side force. For sub-hump
speeds, there is a range of yaw angle in which the side force is nega-
tive.

Unsteady yawing motion is now considered. The side force

for different rates of constant rotational speed after travelling at

zero yaw angle for a long time is presented in Fig. 15. The abscissa

is the yaw angle, and is proportional to the time after the initiation

of the manoeuver. The general effect of increasing the yaw rate is to

decrease the available side force. However, as typical average yaw
rates are in the vicinity of 5° per unit time, it is clear that the un-

steady influence is of secondary importance. The side force qualita-

tively follows the same trends at the two speeds considered, namely
F = 0. 6 (fig. 15a) and F = 1.0 (Fig. 15b).

Finally, in Fig. 16, a manoeuver is studied, in which the

yaw angle is instantaneously changed from zero to 5", 10°, 15"

and ZO". The distance the ACV must travel before the steady-state

side force is achieved is slightly greater for larger manoeuvers.
Nevertheless, this effect is small. Almost the full steady-state side

force is generated after the vehicle has moved one craft length at

F = 0. 6 (Fig. 16a), and after 1.25 craft lengths at F = 1.0 (Fig.

16b).

A favorable side force is developed immediately after this

sudden yaw manoeuver, and then increases slowly at first. It may be

shown that for a small jump in yaw angle, the initially generated
side force is just one half of the final steady-state side force. This

feature is evident in the curves, particularly for the smaller ma-
noeuvers.

57



Doctors

VI. CONCLUDING REMARKS

VI. 1. Present Work

Turning firstly to the case of Rectilinear Motion in a Tank,
it is clear that the problem of interference from the side walls during
accelerated motion in finite depth water is considerably less than that

during steady nnotion. Model tests under such unsteady conditions

would be much easier to perform as a tank width equal to four times
the model beam essentially sinnulates the laterally unrestricted case.

With regard to the yawing ACV, the great dependence of side

force at super-hump speeds on smoothing was an unexpected result.

So much so, that it would be unrealistic to model the pressure under
the craft with a sharp distribution. Even assuming practical values

of aa = /3a = 40 (which has a negligible effect on unyawed wave resis-

tance) reduces the maxinnum predicted induced side force by almost
one half. A study of the expression for the steady-state forces, Eq.

(50), reveals that this difference is due to the high frequency oscilla-

tions in the integral for d just less than tt/Z . The effect is worst
for a yawed sharp distribution when the oscillations decay very slowly

and is further emphasized in the integral for side force which con-
tains a sin B factor, rather, than the integral for wave resistance

which contains a cos B factor. A particularly large number of sub-

divisions in the integration is therefore required under these condi-

tions. This probably explains the small discrepancies found at small

non-zero yaw angles and yaw angles just below 90" , when attempt-

ing to verify the theoretical wave resistance calculated by Murthy
(1970) and Everest (1969).

In practice, these high frequency wavelets probably break
due to excessive theoretical steepness, and other practical effects

such as cushion air flow.

The induced side force has nevertheless been found to be

significant, being of similar magnitude to the wave resistance. It

clearly plays a role in the control of ACVs. This force has been
experienced by drivers of air-cushion vehicles, who usually refer to

it as "keel effect".

During a typical manoeuver, it has been found that the induc-

ed side force is almost equal to the steady- state value at the same
instantaneous yaw angle.
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VI. 2. Future Work

It would be interesting to verify some of the above -nnention-

ed theoretical results by experiment. In particular, one would like to

know how accurately the induced side force is predicted - or what the

equivalent smoothing would be. Such an experiment would have to

take into account aerodynamic and monnentunn side forces as well as

skirt contact, which might be significant.

Numerical work can be extended in various areas. Further
test cases, including the effect of finite depth might be examined.
Incidentally, nnany nnanoeuvers are carried out in finite depth near
the ternninals. This aspect is therefore innportant.

Possibilities for theoretical work include an investigation

into the yawing moment acting on the vehicle about the vertical axis.

Some experiments by Everest indicated that the craft is generally

stable in yaw.
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S side force coefficient, analogous to R
c c

t tinne

w, u induced longitudinal and transverse wavenumbers

W weight of craft

X, y, z coordinate systenm travelling with craft, but not rotating with

it

a longitudinal cushion pressure fall-off parameter

/3 transverse cushion pressure fall-off parameter

7 Vgk* tanh (kd)

yaw angle of vehicle relative to x axis (see Eq. (47))

free surface elevation

wave direction with respect to the x axis

longitudinal coordinate in the stationary reference frame

water density

initial position of model in the tank

dummy time variable

velocity potential in the stationary reference frame, such that

the velocity is its positive derivative

Superscripts

variable reffered to axis system moving and rotating w^ith

craft

dummy variable

time differentiation
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DISCUSSION

Jorgens Strom-Tejsen

Naval Ship Research and Development Center
Bethesdaj Maryland^ U.S.A.

I should like to take the opportunity to ask Dr Doctors a few

questions about the work he has carried out, Dr Doctors has shown

in his paper that by smoothing the pressure distribution some of the

very pronounced humps and hollows in the resistance curve disappear.

This is the case in particular at the lower Froude numbers, whereas

at the higher Froude numbers the last hump seemed to have been af-

fected very little. I would like to ask Dr Doctors if he has any similar

experience when rounding the corners of the surface of a big shift ?

One would expect that rounding the corner, actually using the right

angle, a pressure platforra would be round the corner, and in a simi-

lar way the humps and hollows at the lower Froude numbers would

disappear.

This brings me to another question. Actually, the linearised

wave resistance theory being used, we can only expect it to be accu-

rate at the highest Froude numbers, whereas going down to the lower

Froude numbers, on the assumptions we make, namely, that the wave
slope is low is not valid any longer. Has it any importance at all, this

smoothing or rounding away of the corner ? If this is not so at the

lower Froude numbers, the wave resistance theory would not hold at

all any how.

We saw some rather interesting figures showing the effect

when the surface effect shift was at the yaw angle or drift angle. In

Sonne cases the side force was negative and in other cases it was po-

sitive. This nneans that in certain cases the surface effect shift would
heel to one side and in other cases it would heel to the other side. I

wonder if Dr Doctors could clarify this sine convention, and give us

an idea about whether it is heeling away, or in what way it is heeling,

relative to the drift angle he has been using.

Finally, I would like to indicate that at the Naval Ship Research
and Development Center we have made some somewhat similar com-
putations, using pressure distribution, not smooth but actually using

a staircase variation so that the pressure distribution is varied from
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its full value down to a zero value in a staircase fashion rather than

in a smooth way. We found, in the same way as in Dr Doctors' case,

a certain effect at lower Froude numbers and very little effect at

higher Froude numbers. Again, it appeared that it is only in the case
of using a very large smoothing area that it had any real effect. I

wonder if Dr Doctors could comment on what the alpha and beta really

mean in physical terms ?

REPLY TO DISCUSSION

Lawrence J. Doctors
Uni-vevsity of New South Wales

Sydney 3 Australia

I thank Dr. Strom-Tejsen for his questions. In answer to the

first question regarding the shape of the planform, I have not made
numerical studies of this parameter myself. Other workers, mention-
ed in the paper, have studied shapes which include elliptical and
triangular ones. At high Froude numbers (i. e. in the region of the

hump speed, and above), smoothing of the planform shape has a simi-
lar effect to decreasing the rate of pressure fall -off at the edges.

That is, the wave resistance is reduced a little. These two types of

smoothing have, however, different effects at low Froude numbers.

For example, the sharp-edged rectangular distribution has a

wave resistance coefficient which oscillates betw^een and 2 at

asymptotically low speeds, while the smooth rectangular distribution

has a resistance which approaches zero (see Fig. 3). On the other

hand, the wave resistance coefficient of a sharp-edged circular area
appears to have a behaviour somewhat intermediate to these two

(see Barratt (19S5)).

With regard to the second question, the limitation to the ap-

plication of the linear theory is basically the slope of the waves ge-
nerated by the pressure distribution. Thus, for typical ACV's, only

the main or secondary hump have been realised in practice. On the

other hand, by using models with a smaller nominal pressure (more
precisely : p /pga), more low speed humps and hollows may be

measured. My thesis supervisor at the University of Michigan,

Dr. S. D. Sharma, initially suggested the method of smoothing in the

manner described. We found that smoothing in the transverse direc-
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tion has very little effect, and that smoothing in the longitudinal di-

rection, simulated by aa = 5, gave reasonable agreement with ex-
perinnental results. Since this value of aa does not produce an ex-
cessively steep wave system (for the usual range of p^/pga), linear
theory would be valid in this case. On the other hand, actual measure-
ments of the pressure drop-off indicate that aa = 40 (i. e. eight times
as smooth) would be more realistic. Thus, we found that nonlinearity
and viscous action was the raain cause of the discrepancy at low speeds.
However, we pursued the use of such large amounts of smoothing,
since it gave us an adequate model at low speeds, and allowed us to

compute the unsteady wave resistance of an ACV starting from rest.

Finally, with regard to the sign convention during yaw motion;
side force on the craft and yaw to starboard were considered positive.
In most cases the side force had the same sign as the yaw angle,
indicating that this effect favourably aids the turn. In a couple of in-
stances at low speeds, principally subhump speeds, the opposite was
true.
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A LINEARIZED POTENTIAL FLOW THEORY FOR THE
MOTIONS OF AMPHIBIOUS AND NON AMPHIBIOUS

AIR CUSHION VEHICLES IN A SEAWAY

Dr. T.K. S. Murthy
Portsmouth Pohjteohn-io

Portsmouth^ U. K.

ABSTRACT

The problem of the motions in a seaway of an ACV
supported by an air cushion which is bounded by
flexible extensions at the front and the rear and
by rigid hulls immersed in the water along the

sides is first formulated in the most general sen-
se just to show how impossible it is to obtain a
solution without some form of acceptable lineari-

zation. Four perturbation parameters are there-

fore selected relating to the cushion pressure, the

width of the side hulls, the amplitude of the oscil -

lations and the slope of the incident waves. The
velocity potential for the motion of the side hulls

is derived in the form of. an integral representa -

tion, but it has been found possible to derive on-
ly an integral equation for the potential due to the

motion of the air cushion. This could, however,
be reduced to an integral representation under
certain additional assumptions, such as that the

side hulls are slender.

The steady motion and forced oscillation of the

ACV in calm water are first discussed. The ex-
pressions for the forces and moment show clear-
ly the separate effects of the air cushion and the

side hulls together with the interaction between
the two which may enable the optimization of the

overall configuration to be made. An investigation
of the free oscillation in regular waves yields
expressions for the response functions which may
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be used to obtain an estimate of the motions of

the ACV in irregular seas within the limits of the
theory of linear superposition.

I - INTRODUCTION AND SUMMARY.

The purpose of this study is to develop ultimately a compre-
hensive hydrodynamic theory for the general motion of an Air Cushion
Vehicle (denoted, in short, by ACV and alternatively referred to as

hovercraft) in an arbitrary seaway. This general non-linear problem
will be formulated presently and, as nnay be expected, it will soon
become apparent that the solution will have to be carried through in

various successive stages, with some fornn of acceptable lineariza-

tion adopted at each stage in order to render the mathematical solu-

tion tractable and to keep the algebraic work within reasonable bounds.

Practical results can, however, be obtained from calculations based
on the lower order theory which can be relatively simple and a com-
parison can then be made with the results of full-scale trials and
model test data so that any differences pointing perhaps to a deficien-

cy in the theory may possibly be reconciled by invoking the higher

order theory.

In a previous work (197 0) the author^^^ has considered the

case of an "ideal"hovercraft as a starting point for the larger study.

This amphibious craft is completely separated from the water surfa-

ce during its motions and oscillations and was assumed to be travell-

ing under a constant longitudinal thrust at a uniform speed in a uni-

directional seaway composed of regular waves with their long crests

normal to the direction of motion. Although the hovercraft was assum-
ed to be clear of the water surface, practical expressions for the wa-
ve resistance and side force in longitudinal and drifting motion over
calm water, the restoring forces and moments due to forced oscilla-

tion over calm water and the response functions for free oscillation

in a regular seaway have been derived. The effects of the compart-
mentation of the cushion and the overall cushion stiffness on the mo-
tion have also been presented. The nnean increased resistance over
waves and the added mass and damping of water can also be calculat-

ed. In order to keep the algebra simple, the hovercraft was assumed
to undergo coplanar nnotion in the longitudinal plane with freedom in

pitch, heave and surge only.

This restriction of the motion to a plane, although not a strict

requirement of the linearized theory, was considered as the only ty-

pe of motion which was likely when the craft was operating for a long
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time (long enough for the transients to have died away) in a regular
seaway with a uniform speed in a direction normal to the wave crests
and also capable of showing the essential features of a more general
type of motion. The extension of the theory to longitudinal or drifting

motion in a direction oblique to the regular seaway with six degrees
of freedom is straightforward and no major revision of the theory is

required as the beam/length ratio of present day hovercraft is of the

order of unity and the disturbance of the water surface due to the mo-
tion of the craft in the longitudinal or beamwise direction nnay be
considered to be of similar order providing that no water contact takes
place. The situation therefore is quite different from the case of con-
ventional displacement vessels. Also, the extension of the theory to

motion in an arbitrary course such as that during manoeuvering, to

accelerated nmotion in starting from rest and to motion in shallow and
restricted off-shore coastal waters can all be undertaken with suita-

ble modification of the results. The prediction of the motion in an
irregular, multi-directional, seaway can also be made by the method
of spectral analysis on the basis of the theory of linear superposition.

The amphibious hovercraft free from water contact may be
considered as a special case of a more general type of ACV which we
take up as the subject of our present study. The ACV is now assumed
to be borne on air cushion contained by peripheral skirts at the bow
and the stern and by the side hulls which extend below the hard struc-
ture along the sides of the craft and which remain permanently im-
mersed in the water during the motion and oscillations of the craft

(see fig. l).

It is however, assumed that the flexible extensions do not

contact the water surface during the motions and oscillations of the

ACV, but an extension of the present theory to take into account skirt

contact is straightforward if it is assumed that the flexible extensions
are rigid enough to retain their shape when contacting the water. A
later extension would be to cover the case of compliance to the pres-
sure of the water.

It is assumed that the air cushion is bounded by thin hulls

along the sides and the air jets (or plenum air escape) at the front

and the rear. The theory can also be suitably revised to cover the

case of hulls (or skegs) which are located inboard of the lateral boun-
dary, the whole air cushion then being enclosed within peripheral
skirts. This configuration is sometimes adopted when water propul-
sion is used. The side hulls are assumed to be "thin" with different

"semi-widths" on either side. A vertical plane is somietinnes used on
the inboard side of the hulls because of the relative simplicity in
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production, but we have covered the possibility of having different

off-sets on the two hull surfaces on either side of a longitudinal plane.
We are, however, assuming that the surfaces on the outer sides of the

two hulls and those on the inner sides are respectively of the same
shape in order to have lateral symmetry very essential to the motion
in a straight line we shall be considering.

The ACV is considered as a freely hovering (but partially

floating) rigid body in motion under the action of given external forces
(such as those due to wind, propeller thrust, etc. ) together with the

hydrostatic and hydrodynamic forces arising out of the "ground effect"

of the air cushion in depressing the water surface and from the immerS'
ed part of the side hulls. The equations of motion for the most general
type of motion in six degrees of freedom will include in addition to the

external forces and the forces due to ground effect, some types of

internal forces peculiar to ACVs, such as momentum drag, forces
arising from the uneven escape of momentum due to the leakage of the

air cushion through the air curtain at the front and the rear and, pos-
sibly, even through the troughs of the induced waves which may make
part of the side hulls run dry unless the hulls are of suitable draught.

There is also the pneumatic effect of the "wave pumping" of the air

in the cushion due to the passage through progressive waves. We shall

assume, however, that the only force which enables the uniform
translation of the ACV is the longitudinal thrust, leaving due account
to be taken of all the other factors when the occasion arises.

In the earlier study, the hovercraft was replaced by its equi-

valent mathematical model, namely a "travelling pressure disturban-

ce" with a basic "hull form" for the craft dictated by the planform of

the air cushion and the two-dimensional distribution of pressure on
the water surface consituting the lower boundary of the cushion. All

the results were derived on this basis and without enquiring into the

actual mechanism employed for the generation and retention of the air

cushion, i. e. whether a peripheral jet system or plenum chamber
with or without compartmentation was used. This model will be retain-

ed for the present study with a separate examination of the effect of

the side hulls and the possible interaction between the two.

It may be taken for granted that hull design has arrived at a

stage of perfection due to the efforts of naval architects over the cen-
turies, but a basic requirement for developing the hydrodynamic theo-

ry of the motions of the composite ACV, i. e. with the air cushion
enclosed along the sides by the hulls is a knowledge of the hull form of

the air cushion which plays usually the major role in supporting the

ACV above the water with a small contribution from the buoyancy of

the side hulls. It is commonly assumed for want of a more precise
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knowledge that the pressure in the cushion at all points is uniform
and that the pressure on the water surface is also uniform and of the

same value. This kind of stepped cushion with an abrupt drop between
the pressure within the cushion and the ambient pressure outside will

have a hull in the form of a right cylinder with vertical sides and, in

our case will resemble a rectangular box. It is obvious that this type

of hull will be totally unsuitable for a fast planing type of displace-
ment vessel. It will appear during the course of this study that the

mathematical work is considerably simplified if it can be assumed
that the pressure is diffused continuously from a maximum value at

the centre in such a manner that it becomes zero at the boundary and,

preferably, with a zero gradient in the direction of motion. The pur-
pose will be equally served if the pressure is uniform in the main
part of the cushion and diffused over an annular region close to the

boundary. It is interesting to note that this type of diffusion of pres-
sure selected with the object of mathematical expediency in obtaining
an easier solution of the problem on hand gives a hull shape for the

air cushion with an aesthetic appeal and with a reasonable dead rise

and flare at the bow and at the stern which may be considered by the

naval architect as very acceptable for planing motions in the dis-

placement mode.

The actual mechanism by which the above pressure distribu-

tion may be generated in the case of practical ACVs considered as
hardware is merely an engineering matter, although in the present
state of the art not much progress has been made in this direction,

presumably because no investigation as so far been made as to the

direction in which to proceed or, wether it is necessary to proceed
in any direction at all towards perfecting a "tailor made" cushion.

This could probably be achieved by suitable compartmentation of the

cushion and by introducing auxiliary flows in the (supposedly) quies-
cent air in the cushion. It is only a question of accentuating the en-
trainment of air and trapped vertices known to exist in the vicinity of

the boundary. Assuming that such a manipulation of the pressure
distribution is feasible (and there is no reason to doubt this), we are
indeed in a fortunate position with hovercraft for without altering the

deck space, it seems possible to give the ACV an arbitrary cushion
hull shape by a simple manipulation of cushion aerodynamics.

The analytical methods used in this study are essentially those
first Used in the classic work of Peters and Stoker v^) and later fol-

lowed by Newman \?Jk') , Joosen ^^> and others. These works con-
stitute a rational approach to the unsteady motion of ships, but a solu-

tion has so far been obtained only for thin ships and slender ships.
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Peters and Stoker \^) have indeed considered a flat planing type of

hull and a yacht type of hull which is a combination of a thin vertical

hull and a thin horizontal hull. However, the utmost that has been
achieved in these cases is the derivation of integral equations for the

potential with singularities at the edges of the hull. No method of solu-

tion of the singular integral equations, or even the possibility of a

solution has been indicated, as the equations contain singular kernels

and are therefore not of the classic Fredholm type.

In the case of an amphibious hovercraft, however, we had
managed to derive an explicit integral representation for the poten-

tial in the form of a source singularity distribution over the free sur-

face directly below the cushion opening together with a distribution

of line sources and line doublets along the boundary of this region.

This happy position had come about because the two boundary condi-

tions for this boundary value problem for amphibious hovercraft free

from water contact were of identical nature, both relating to the pres-

sure on the free surface, and therefore constituting a Dirichlet pro-

blem. In the case of bodies floating on the water surface there is a

pressure condition on the free surface not occupied by the floating

body, namely that the pressure is constant (taken as zero for conve-

nience) and a velocity condition on the immersed part of the hull, na-

mely that the normal velocity of the hull and of the contiguous water
particles are equal. In other words, the flow is tangential to the hull

when boundary layer effects are ignored. There are, of course, the

usual conditions at infinity and at the ocean bottonn. This is therefore

a Neumann problem.

In the case of the ACV we are now considering, having an air

cushion of the type previously studied but with the addition of a pair

of parallel side hulls of arbitrary immersion, the boundary conditions

are of a mixed nature. The two pressure conditions for a freely hover-

ing air cushion are still present together with the normal velocity

condition for floating bodies just discussed. It will be seen presently

that an explicit integral representation for the potential due to the

hulls is possible on the assumption that they are "thin" (a common
and necessary assumption in the theory of ship motions) and with a

sufficiently large separation so that the effects of mutual interference

may be ignored. However, it has been found possible only to derive an

integral equation for the potential due to the air cushion with the ker-

nel containing the "jumps" in the potential across the boundary. Al-

though the presence of the air cushion does not appear to affect the

potential for the motion and oscillations of the side hulls in calm wa-

ter, the influence of the side hulls on the potential of the air cushion

104



Lineavized Totential Flow Theory for ACVs in a Seaway

cannot be ignored by simply setting the parameter representing the

width of the hulls equal to zero, for although the wave -making effects

of the hulls are thereby eliminated, they nevertheless provide a ver-
tical barrier for the fluid flow^. However, on the assumption that the

immersion of the side hulls is of a small order (say, of the same
order as their width) the integral over the longitudinal planes of the

hulls can be ignored and if the cushion pressure is also assumed to

be diffused in such a manner that it is zero at the front and rear of

the cushion w^here air leakage occurs, it is possible to obtain a simple
integral representation for the potential. This procedure enables
practical results to be derived pending a rigorous solution of the in-

tegral equation.

The problem is first formulated in the most general terms in

Section 2, just to show how impossible it is to obtain a general solu-

tion. If the problem is difficult to solve in the case of displacement
ships, it will certainly be more so in the case of ACVs, where the

laws of cushion aerodynamics relating to ground effect enter with an
extremely complicated relationship between the pressure distribution

and the relative distance between a point on the hemline of the flexi-

ble skirts at the bow and stern and the elevation of the w^ater surface

directly below.

It is therefore clear that the problem has to be linearized in

a suitable manner if its solution is to be rendered mathematically
tractable . The usual method of solution in problems of this nature
is the assumption of a basic slenderness parameter representing geo-
metrical restrictions on the body. Thus, for example, in "thin ship"

theory, the slenderness parameter is the beam/length ratio which is

assumed to tend to zero. Similarly, in "flat ship" theory it is the

draught/length ratio and in "slender body" theory both the beam and
the draught are assumed to be small compared w^ith the length. These
restrictions are necessary for the validity of the linearized theory
which assumes that the ship reduces to a thin vertical or horizontal

disc or a thin straight line and that it can then have a translatory mo-
tion with finite velocity parallel to the plane of the disc or along the

longitudinal axis without creating waves of finite amplitude. The squa-
res of the perturbation velocities of the water particles can then be
neglected and the problem becomes linear. This then is the objective,

namely, that the wave making of the vessel in steady motion shall be
negligible. In the case of an amphibious ACV, it would appear that

the geometrical dimensions are not directly relevant to the problem
so long as the craft is not imnnersed in the water. It is the cushion
pressure, i. e. the total weight of the craft divided by the cushion
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area which determines the wave making at any particular speed. A
large planform area is therefore desirable (for a given weight) and
as the popular value for beam/length ratio of present-day hovercraft
is about 2/3, it appears that the geometrical dimensions are to be
unrestricted for hovercraft in order so that the theory nnay be success-
fully applied.

In the case of a rigid sidewall ACV, the total weight of the

craft is usually supported mainly by the air cushion with a snnaller

contribution of the order of 10% from the buoyancy of the immersed
side hulls. We shall select B as the small parameter representing
the thin width of the side hulls and /3 to denote the smallness of the

cushion pressure. We shall not make any a priori assumptions as to

the fractional weights supported by the air cushion and by the hulls so

that we shall not stipulate the relative orders of magnitude of h and
/3 .As stated above, the smallness of /3 is ensured by having a
large length and a large beam for the cushion and as the latter implies
a wide separation for the hulls the effects of mutual interference bet-

ween the two hulls may be considered negligible. The solution of the

problem therefore becomes easier. At a later stage w^e may have to

stipulate that the draught of the hulls should also be small (thus, in

effect, treating them as slender hulls) so that an integral representa-
tion for the cushion potential may be derived from the integral equa-
tion. This stipulation makes the buoyancy contribution from the side

hulls to the support of the ACV of a smaller order than the "cushion
lift" and is probably in keeping with present-day practice.

The other two parameters selected are those indicating the

smallness of the oscillations of the ACV and the small slope of the

incident wave. Having selected these perturbation parameters, the

procedure would be to expand all the physical variables relating to

the motion of the fluid, the boundary conditions and the motion of

the ACV in ternns of these parameters. Perturbation expansions are
thus obtained in the form of a series comprising powers of the pertur-

bation parameters and when terms of the same order are collected

together, the result is a sequence of linear boundary-value problems
which are, in the general case, more readily solved because the

boundary conditions can then be imposed on fixed domains. Thus, for

example, the free surface boundary conditions can be satisfied on the

known plane z = instead of the unknown surface z = f .

On the basis of the equations of motion developed in Appendix
III of Reference 1, expressions for the forces and moments are deri-

ved in Section 5 in the form of surface integrals over the steady posi-

106



Lineavized Potential Flow Theory for ACVs in a Seaway

tion of the lower boundary of the cushion on the undisturbed water
surface and over the steady position of the longitudinal planes of the
hulls below the load water plane. Some of the expressions also inclu-
de a line integral along the load waterline of the hulls. These expres-
sions may appear very complicated, but they could be progressively
simplified when the air cushion has longitudinal symmetry (as well
as lateral symmetry, which is implied throughout this analysis) and
when the cushion pressure is taken to be strictly uniform throughout
the cushion (as is commonly assumed) or when the pressure is diffu-
sed to zero at the boundaries along the front and the rear and parti-
cularly for a rectangular cushion. The surface integrals over the
hull can be expressed in closed form when the hulls are mathemati-
cally defined and, particularly, when they are "polynomial simple
ships". However, with the advent of present-day high speed compu-
ters the solution from a general table of off- sets need not present
any serious problems.

The steady motion of an ACV in calm water is discussed in
Section 6. Expressions have been derived for the sinkage and trim,
for the wave resistance in longitudinal motion and for the side force
on a drifting amphibious ACV. As may be expected, the expression
for the wave resistance combines with exact agreement the well-known
Michell integral for the wave resistance of a thin ship and the result
for a surface pressure distribution given by Havelock ^^

. In addition
we have derived for the first time two additional terms denoting res-
pectively the interference of the air cushion on the side hulls and that
of the side hulls on the air cushion.

The above expressions involve the steady potential for motion
in calm water derived in Appendix V. The potential for the motion of
the side hulls is given in the form of an integral representation, but
the potential of the air cushion is given by an integral equation in the
form of a source distribution on the free surface of water directly
below the cushion opening in its steady position and a distribution of
line sources and line doublets oriented longitudinally along the boun-
daries at the front and the rear of strength equal respectively to the
"jump" in the velocity and "jump" in the potential itself across the
boundaries. The line distribution may however be ignored in the case
of a diffused cushion. We have also, in addition, a distribution of
doublets oriented laterally along the longitudinal planes of the two side
hulls with strength equal to the "jump" in the potential across the
planes. Pending a rigorous solution the resulting integral equation
(if possible at all), the surface integral over the longitudinal planes
may be ignored if the immersion of the hulls is considered to be small
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for then the integral will be of a higher order. The expression for

the interference potential, namely, the potential representing the

interference between the air cushion and the side hulls have not been
derived here, as it is only required in the higher order theory, but

a brief sketch of the method of its solution is indicated in Appendix V.

The restoring forces and moment acting on ACV which is forced
to oscillate in calm water are discussed in Section 7. In the lowest
order they contain inertial and hydrostatic terms only as the dynamic
pressure of the water represented by the steady and unsteady poten-
tials enter only in the higher order. The expression for the higher
order forces and moment could be used for the calculation of the

mean increased wave resistance due to the oscillations and the added
mass and damping of water by the appropriate combination of the real

and imaginary parts of the oscillatory potentials with those of the

oscillatory displacemients.

The free oscillation of an ACV moving with uniform speed in-

to a regular train of sinusoidal waves is discussed in Section 8. The
lowest order exciting forces and moment are again of a hydrostatic

nature. The pitch and heave response functions can be obtained from
the expressions presented in this section so that a statistical predic-

tion of the perfornnance of the craft in an irregular seaway can be ma-
de if it can be assumed that the behaviour of the craft is linear in

small waves. There appears to be no positive experimental evidence

in this respect at the moment.

The accelerations in surge, heave and pitch which can be cal-

culated from the expressions derived in Section 8 will combine toge-

ther in different forms at various locations in the craft and dictate

the level of passenger comfort at that point during a ride in a seaway.

The optimization of the shape of the side hulls could be carried out

by well established methods, but it would be interesting to ascertain

the effect of different shapes for the cushion hull on the motions and

accelerations.

The potentials representing the disturbance of the incident

waves by the side hulls (the diffracted wave) and the corresponding

potential representing disturbance by the air cushion have not been
derived here. These potentials enter only in the higher order forces

and moment, but they will have to be derived if the added mass and

damping of water, the mean increased resistance in waves and other

similar quantities are to be calculated.
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The neglect of these potentials here is tantamount to invoking

the classic Froude - Kriloff hypothesis, namely that the waves affect

the ACV, but that the ACV does not affect the waves. Sufficient infor-

mation regarding the motion of the ACV can, however, be gathered

by studying the lowest order forces.

The theory presented here is concerned solely with the hydro-
dynamic contribution to the motions of the ACV which is translating

in a straight line with a uniform speed V under the action of a cons-
tant thrust T. Other internal and external forces could also be taken

into account with a suitable raodification of the results. A typical

quantity for inclusion will be the pneumatic effect of the wave -pumping
of the air cushion by the progressive waves.

This theory must also be used with caution in dealing with the

actual motion of ACVs over water. In order to satisfy the assumptions
made in linearizing the problem, the results can be only applied when
the cushion pressure is low and the side hulls thin. Extrapolation of

these results with the object of predicting the motions in an irregular

seaway has also to be done with care since there is no positive expe-
rimental evidence to show that ACV motions are not non-linear.

Although the expressions for the potentials and the forces and
moment derived here appear to be extremely complicated, their solu-

tion by numerical methods with the use of present-day high speed di-

gital computers need not present any serious problems. It is very
likely that the new technique provided by the Finite Element Method
(FEM) may prove to be a very useful and powerful tool in this respect

and particularly for the solution of the singular integral equations.

This is being investigated.

II. GENERAL FORMULATION OF THE PROBLEM

We start with the consideration of the general case of an ACV
moving on the surface of water at a mean speed V in its course, which
is defined as the vertical projection of the path of the centre of gravi-

ty of the craft on the undisturbed surface of water. We may also assu-
me that the ACV has a small angular velocity w about a vertical axis.

II, 1 Co-ordinate Systems

Three rectangular co-ordinate systems are employed. The
first is a fixed system, or inertial frame of reference (X, Y, Z), with

the X, Y- plane in the horizontal position of equilibrium of the undis-
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turbed free surface of water and the Z-axis taken vertically down-
wards. The second is a moving co-ordinate system (x, y, z) with the

x,y-plane coinciding with the X, Y-plane, i, e. also lying in the un-
disturbed free surface and the x-axis having the instantaneous direc-
tion of the horizontal component of the velocity of the C. G. The x-axis
is therefore along the tangent to the course of the craft. The z-axis
is taken positive downwards and contains the C. G. (on the negative
side, in the case of ACVs ) . As we have assumed that the ACV
has an angular velocity in the horizontal plane, the x-axis will be
continually rotating away from the X-axis (see figureZ).

A third co-ordinate system fixed in the ACV and moving with
it will be introduced in the next section.

The following equations for the transfornnation of co-ordinates
from the (X, Y, Z) system to the (x, y, z) system and vice versa are
easily derived :

X = X + xcos a - ysin a x = (X - X ) cos a + (Y - Y ) sinaG G G

Y = Y + xsina + ycos a y = (Y - Y ) cosa - (X - X ) sinaG G G

Z = z z = Z (l -1)

where X^^ and Yr are the co-ordinates of the C. G. in the fixed

system and a is the angle by which the x-axis has rotated from the

X-axis at any instant.

/ co( T ) dri. e. a = / co( T ) dr (l -2)

II. 2 Laplace's Equation

The water is assumed to be inviscid and incompressible. It

is also assumed to be incapable of sustaining surface tension so that

the pressure of the water particles on the free surface may be equa-
ted directly to the air pressure thereon. There exists therefore a

velocity potential for the motion of the water $(X, Y, Z:t) satisfying

Laplace's equation

^' ^ = ^XX * $YY -^ ^ZZ = "
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in the domain occupied by water, i. e. for all Z > in the case of

deep water of infinite extent or in the domain

d (X, Y) > Z >

in the case of shallow water of infinite extent.

In the moving co-ordinate system the velocity potential may
be written

$(X, Y, Z : t) = $(X + xcos a - ysin a , Y + zsina + ycos a , z;t)

= <|>(x, y, z;t), say.

It is then easy to derive from (1-1) the follov/ing equations for the

transformation of various derivatives between the two systems :

2 .2& = <i> cos a - $ sina , 0,,, = $ cos a - 24> sin cos a + ^ sin a
^X X y XX XX xy yy

2 2
d) =4) sin" + 4> cos "

, (^ = $ sin « + 24> sina cosa + 4> cos a
^Y X y YY XX xy yy

^Z z ^ZZ zz

(1 -3)

so that

[v$ (X, Y, Z;t)]^ = [V4>(x,y,z;t)]^ (l -4)

and

V^$(X, Y, Z;t) = V^$(x,y, z;t) (1-5)

It follows that <|> is a harmonic function in the (x, y, z) system in

the same way as ^ is un the (X, Y, Z) system.

II. 3 Bernoulli's Equation

The compressibility of water may be ignored even at the high

speeds attained by ACVs at present and we may write Bernoulli's

law as
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- gZ+— [vO] + <|> = constant (l -6)

where the constant on the right-hand side is independent of the space
variables and, as is usually done, may be set equal to zero, it being

understood that $ is suitably adjusted.

Now, ^^ can be expressed in a manner similar to the other

derivatives in (1-3) as

(^ = ( u,'y - V ) (t> - OJX $ + 4> (1-7)

where the speed V of the ACV in its course is an arbitrary function

of the time for accelerating motion.

The relation between the pressure p (x, y, z;t) and the velocity

potential <!> (x, y, z;t) may therefore be written

12— - gz + -^ (^*J>) + ('"y - V(t) ) <|) - cox 4) + <!> =0 (1-8)
p 2 X y t

II. 4 Conditions on Boundary Surfaces

If F(X, Y, Z:t) E f(x, y, z;t) =

is a boundary surface, which may be fixed or moving, the kinematic

condition on such a surface is

— = 6 F +6 F +5 F +F =0
dt ^X X ^Y Y ^Z Z t

Using the relations (1-3) and (1-7) the corresponding condition in the

(x, y, z) system becomes

<i)f+<i>f+*f + (coy - V) f - cox f + f =0 (V-9)xxyyzz x yt
The free surface of water given by the equation

z - f(x,y;t) =

is a boundary surface, fluctuating with respect to time, and the kine-

matic condition on this surface may therefore be written

* f +* f +4'f +(coy-V)rTj.-coxf+f=0 (1-10)xxyyzz '^ yt
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to be satisfied for z = f . This condition applies both to the external

free surface (EFS) and the internal free surface (IFS) defined and
discussed in the Introduction.

The dynamic conditions on the free surface z = f are obtained
from (2-8) by setting p = for the EFS and p = p (x,y), the surface

pressure applied by the air cushion on the IFS, respectively.

The kinematic condition (1-9) is also applicable to the instant-

aneous position of the moving (and oscillating) side hulls of the ACV
and to the lower edges of the flexible extensions immersed below the

surface of water.

II. 5 The General Non-Linear Problem

The strict formulation of a very general type of ACV problem
would be on the following lines. A rigid body in the form of an ACV is

supported above the water surface partly by the air cushion (contain-

ing air at a pressure higher than atmospheric) and partly by the

buoyancy of the immersed part of the side hulls. In the position of

"static hovering", i. e. at zero speed ahead, the steady pressure ap-
plied by the air cushion to the IFS may be assumed to have a distribu-

tion of the form

P. = p^ (x' y)
s o

over a region S of the water surface which is the vertical projection

of the cushion opening on the water surface. This region is therefore
bounded by the inner sides of the side hulls and the curves representing

the vertical projection of the hemline of the skirts at the bow and at

the stern. The "cushion hull form" is thus determined by the plan

form of S and the pressure distribution thereon. It may be assumed
as an approximation that the latter is unaltered during steady forward
motion in the horizontal plane. However, the water surface will nov/

be disturbed due to the generation of surface waves by the air cushion
and by imm^ersed side hulls (with perhaps a complicated kind of cou-
pling between the two as will be shown later). The steady disturbance
will travel with the same speed as the ACV but will cause a steady

variation of the shape of the IFS i. e. of the cushion hull form. If the

ACV now performs oscillations during steady translation, which may
be forced oscillations in calm water or wave excited oscillations in a

seaway, the pressure distribution on the water surface will no longer

be steady or of the basic form. This is because the region S over

which the pressure is apllied is now a fluctuating domain, as it is the

instantaneous position of the vertical projection of the cushion opening
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on the water surface and its shape and location in space will be there-
fore dependent on the oscillations of the craft in all modes expect,
perhaps, in heave. The actual pressure distribution during oscilla-

tions will also be different from the basic distribution on account of

the cushion and peripheral jet (or plenum chamber) characteristics
peculiar to hovercraft which dictate the pressure in the cushion in

terms of the local clearance between any point of the periphery and
the elevation of the water surface directly below it. In our case, the

pressure variations will be initiated in annular regions adjacent to

the bow and stern skirts, but the perturbation pressures will no
doubt be transmitted to the interior due to induced flows and entrain-
ment of external air with the result that the distribution over the enti-

re region may be substantially altered.

The basic problem is essentially that of determining the velo-
city potential * (x, y, z;t) as a harmonic function satisfying Laplace's
equation in the domain z> ^(x, y;t) for all time t > when the ini-

tial position and velocity of the ACV and of the water particles are
prescribed at time t = . A singularity has to be accepted for the

solution of <{) at the boundary of the region S if the applied pressure
is discontinuous there, i. e. if the pressure is different fronn atmos-
pheric. The velocity potential can be used to calculate the elevation
and slope of the IFS on which the pressure is applied by the air cushion.
The forces and moments on the ACV considered as a rigid body are
in part due to the action of the applied pressure on the IFS which is

the cushion hull and can therefore be determined in terms of the ap-
plied pressure and the slope of the disturbed water surface. It is

appreciated that in common with other surface wave problems the

elevation and slope at individual points of the region S cannot be de-
termined accurately from the potential due to interference effects

although the evaluation will be corrected at some distance away from
the pressure field. However, we only require the total integral effect

of the applied pressure and for this purpose the potential can be used
to obtain practical results.

The other contribution to the forces and moments on the ACV
arises from the action of the pressure of the water particles acting
on the instantaneous position of the imnnersed portion of the side

hulls. The boundary conditions dictate that the relative velocity of the

water particles at each point in a direction normal to the instantane-
ous position of the oscillating side hulls is zero. The pressure on the

free surface is also prescribed as zero. But both the immersed hulls

and the free surface of water are moving boundaries of the domain in

which the velocity potential is to be determined. A coupling between the

motion of the side hulls and that of the water therefore exists. As

114



Linearized Fotential Flow Theory for ACVs in a Seaway

stated above, this coupling between the motion of the ACV and that

of the water introduces an additional complication in the case of the

air cushion due to the laws of cushion aerodynamics.
Also, the IFS is a moving boundary on which the potential is to be

determined.

This complicated situation is illustrated in the block diagram
below
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It is clear from the above that the situation in respect of the

ACV leads to a very complicated non-linear problem. The position

of the free surface is not known a priori and the velocity potential

has therefore to be determined in a fluctuating and unknown domain.
The boundary conditions are of a mixed type. These relating to the

air cushion are stipulated in terms of pressure and those relating to

the side hulls in terms of velocity. Appropriate boundary conditions

at infinity may be imposed from physical considerations in order to

obtain a unique solution of the problem, but it is doubtful whether
this general non-linear problem will be mathematically tractable. It

will be observed that the motions of the ACV are not given in advance
(except in the case of forced oscillations of a pre -determined kind),

but are unknown functions of the time to be determined as part of the

solution. The motions vary the pressure distribution on the IFS and
therefore dictate the appropriate elevation slope of the water surface

which together with the pressure distribution determine the forces

and moments on the ACV due to the air cushion. Similarly, the mo-
tions vary the wetted surface of the side hulls and the pressure of

the water particles both of which determine the forces and moments
due to the side hulls. This highly non-linear problem has therefore

to be linearized in a suitable manner if a practical solution is to be
achieved and this we shall endeavour to do in the next section.

III. THE LINEARIZED PROBLEM

As the general non-linear problem has been shown to be highly

complicated, we shall not attempt the solution of the single boundary
value problem, but consider instead a sequence of linear boundary-
value problems which result when all the relevant physical variables

relating to the motions of the ACV and of the water are expanded in

terms of say, four small perturbation parameters, 5 , /3 , a and

e , describing respectively the orders of magnitude of the width of

the side hulls, the cushion pressure, the amplitude of the unsteady
motions and the slope of the incident waves in the regular seaway.
The reasons for the choice of these parameters are explained in the

Introduction.

The solution of the sequence of linear boundary-value pro-
blems is relatively simple and all relevant quantities determining
the motion are obtained in the form of a power series in the pertur-

bation parameters. An approximate solution of the general non-linear

problem can thus be obtained up to any desired degree of accuracy.
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We shall now consider the problem of an ACV that has been
operating at sea for a long time under a constant propulsive thrust.

This problenn is simpler and more of practical interest than that

where the ACV starts from rest and moves over water under the

action of given forces, such as these due to wind, control setting,

etc. , in an arbitrary seaway. After the lapse of a sufficiently long
time, all the transients would have disappeared, and if the propulsi-
ve thrust is the only force acting on the ACV, it would be moving at

a steady speed of translation. The linear displacement of the centre
of gravity of the ACV from its equilibrium position of steady transla-
tion may be represented by components along three axes fixed in the

craft (this system of axes will be described presently), namely, sur-
ge, sway and heave. Similarly, the angular displacements of the

craft may be represented by components along these axes, nannely,

roll, pitch and yaw. It is expected that each component of displace-
ment will consist of two terms, one independent of time and repre-
senting the steady displacement that would exist during motion with

uniform velocity in calm water and the other an oscillatory term sim-
ple harmonic in the time due to the excitation by the incident waves
coming from infinity. If the ACV is symmetrical about a longitudinal

axis, it may be expected that the motion in calm water will produce
non-zero displacements only in pitch and heave (and, possibly, in

surge, which is trivial, since the steady surge displacement can be
absorbed in the forward motion). The complete solution of our linea-

rized problem depends then on the determination of the forward speed
for a given thrust (or thrust required for a given forward speed), the

steady pitch and heave displacements (usually known as trim and sin-

kage) and the six oscillatory components of displacement.

An irregular, but long crested, seaway may be assumed to be
composed of a system of simple harnaonic progressive waves, each
of a given frequency. Any irregular wave train may therefore be ex-

panded as a Fourier series with respect to time. In the linearized

theory, we may assume that the ACV responds to each wave compo-
nent as though it existed independently of the others. By the theory
of linear superposition the motion of the ACV will be composed of the

same Fourier components. Similarly, in the case of forced oscillation

in calm water, any arbitrary type of oscillation may be represented
by a Fourier series with respect to time. It is therefore only neces-
sary to consider a single sinusoidal component for our solution. The
results can then be generalised by spectral analysis.
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We shall presently be expanding all the physical variables
describing the motion of the ACV and that of the water in powers of the

perturbation parameters. Taking the velocity potential of the water
as an example, the correct expansion would be

/ /I \ -r^Y^k^lmn i o"pt (x, v. z)
ci>(x, y, z;6;i3;a;c;t = Re 2^ 5 /3 a e e ^ *.. \ 'V'^f

^ klmn
k, 1, m, n, p

Corresponding to excitation by waves with frequencies

a , Zcr, 3 cr ,

However, as the algebra will become extremely complex, the

whole solution can first be carried through for one frequency component
with say, p = 1 . The final result can then be extended to any number
of Fourier components in the wave system. It may be observed in this

connection that in simulating an irregular seaway in a towing tank a
finite number (of the order of ten) Fourier components is usually
selected. In this case, when we desire a verification of the theory
from experimental results, the solution should cover the same number
of Fourier components.

III. 1 Coplanar Motion

The analysis will be restricted to a study of the ACV moving
in a longitudinal plane. This is by no means a requirement of the

linearized problem, but this simpler study will reveal clearly the

general features of arbitrary motion in all six degrees of freedom.

III. 2 Body-fixed Axes

The third co-ordinate system mentioned in section II- 1 is the

(x' , y' , z' ) system fixed in the ACV. The origin o' coincides with
the origin o of the moving system when there are no oscillations.

Also, the z' -axis (like the z-axis) contains the C. G. (on the negati-
ve side) and the x' , z' -plane (like the x, z -plane) is the fore-and-aft
plane of lateral symmetry of the ACV.

It is clear that the x'
, y' -plane is the load waterplane (LWP)

of the side hulls when the ACV is on its air cushion.

All the three systems of axes are illustrated in Figure 2.
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III. 3 Transformation of Co-ordinates

It is easy to derive the following equations for the transforma-
tion of co-ordinates between the moving system (x, y, z) and the body-
fixed system (x' , y' , z' ).

X = X + x' cos + (z' - z ) sin x' = (x - x) cos + (z + z ) sin

z = z + z + (z' -z ) cos - x' sin0 z'= (x - x) sin - (z+z_-z)cos0 +z_
Cr Ci G G

(2-1)

where x, z and are the surge, heave and pitch displacements

III. 4 Perturbation Expansions

We will now expend some of the physical variables represent-

ing the motion of the ACV and that of the water in powers of four

perturbation parameters 8 , (3 , a and e defined below.

s semi -width -j v „= — ; ratio of the side hulls.
length

_ draught . . ,, . , . , . cushion pressure.
p = -; °-;— ratio of the air cushion ( i. e. r^ )

length p g L

a = amplitude of small motion (and oscillation)

amplitude

length

The first two parameters have been selected from the require-

ment of the linearized theory that the amplitude/length ratio of the

waves induced by the side hulls and the air cushion due to the motion
of the ACV should be small. The amplitudes of the induced waves may
be assumed to be proportional to the beam of the side hulls and the

cushion pressure (in head of water) and the length is proportional to

Fjj . It is therefore clear that the speed of the ACV should be suffi-

ciently large.

The linearized theory is therefore inapplicable to very low

speeds on account of the unacceptable steepness of the induced wa-
ves.
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The third parameter need not be specifically defined at this

stage, but one criterion is that this parameter should be sufficiently-

small so that the water contact of the flexible extensions does not

take place at the bow and at the stern. It will be shown later that this

parameter is of the same order as that of the incident wave.

The fourth small parameter (like the first two) ensures that

the orbital velocities of the water particles in the incident wave are
sufficiently small so that the squares of the perturbation velocities

may be neglected in the linearized theory.

All the four parameters are assumed to be sufficiently small
to ensure the convergence of the perturbation series which follow.

Assuming that the motion is periodic of frequency t , we may
write the following perturbation expansions for the motion of the wa-
ter and of the ACV considered as a rigid body. It will be assumed
that the unsteady flow of water is produced by the periodic forced
oscillation of the craft. Since we shall only consider the linearized
problena, the motion for arbitrary periodic oscillations may be dedu*
ced by the method of Fourier transforms.

Basic "Hull Form" of the air cushion p (x, y) = ^ p (x, y)

Hull surface of the side hulls

S Starboard side of starboard hull y' - b = 5 h (x' , z'
)

S Port side y' - b = - 5 h (x* , z')

S Starboard side of port hull y' + b = 5 h (x' , z'
)

S Port side y' + b = - 5 h (x' , z'
)

Surface pressure distribution due to the air cushion

/ c ^ \ X, V i^t' k„l m n , .

p (x, y;t;5 ;i8;Q:; e ) = Re Z^ e 5 j3a € p, , (x, y)
s klmn

k, 1, m, n

Velocity potential

4) (x, y, z;t;6,/3 ,a,e) = Re Z^e^ h /Sa^^e" $ (x, y, z)
, , klmn
k, 1, m, n
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Water elevation

f (x, y;t;5 , j3 , a, € ) = Re Z-f e 6 /3 a c f , , (x, y)

k, 1, m, n
klmn

Surge displacement

x(t;5;/3;a) = Re Z^ e 5 /3 a

k, 1, m
icrt k 1 m _

X klm

Heave displacement

- / X ^ V io't k^l
z(t;6;/3;a) = ReZ^e 5 /3a

iat k„l m _
z.

k, 1, m klm

Pitch displacement

e (t;5;/3;a) = Re Z ^^^
e

k, 1, m
k 1 m „

5 /3a e klm
(2-2)

The frequency cr is that of forced oscillation in calm water

or equal to the encountered frequency ag of the waves in a regular

seaway. The displacement parameters are not expanded in powers
of ( for, by definition, a is the order of the displacement due

wave excitation of the order of forced displacements in the absence
of waves. The quantities relating to the motion of the water contain,

however, all the four parameters. A phase lag between the displace-

ments is not explicitly shown in the above expressions. However,
if for example, z and are considered as connplex quantities

a phase lag is implicit between heave and pitch.

The steady displacements of the type

110 110
and e

110

relate to motion in calm water and the oscillatory displacements

and 0,\h klm klm

are restricted to the first order in a , i. e. with m = 1 since we
shall be evaluating forces and moments up to a maximum order of

6/3a€ and ^^ at and for this purpose displacement of the first5^ at
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order will be sufficient. In a similar manner the surface pressure
during oscillations will also be restricted to the same order.

We may now write down the expansions we shall actually be
using in the subsequent work.

<|>(x,y,z;t;6;^;a;0 = ^4>i000
+ ^*0100 ' ^^*1100 +

+ Re e'^'[5a<i>jQ^Q+^a*Q^jQ+ 6*^^^^

^ ^^^lOOl^^^^OlOl]^^^^'^'^"''^^'^')

x(t;6;)3;a) = (5 x^^^ + iS x + Re . a e^°"^ ^ooi-'^^ioi+^^oii

(t;5;^;a) = 6 z^^^ + ^z^^^ + Re .« e"\^^^, + 5z^^^ + ^z^^
J

e(t;5;/?;a) = ^ ^oo + ^ %10 ^ ^^•«^'"'
[ %01 ^ '^01 + ^%1 1]

(2-3)

The linearization of our problem is achieved by substituting

the above expansions in Laplace's equation and in the boundary con-

ditions and collecting terms of the same order. The result is a se-

quence of linear boundary value problems for the potentials <|>

Having derived the potentials, the pressure of the water particles

on the side hulls and the shape of the cushion hull can be calculated.

The forces and moments on the ACV considered as a rigid body can

thus be evaluated.

IV. DEVELOPMENT OF BOUNDARY CONDITIONS

In the case of a conventional displacement vessel there are

two types of boundary conditions for the velocity potential
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$ (x, y, z;t). These are (i) the kinematic and dynamic conditions on

the free surface of water on all sides exterior to the immersed part

of the hull and (ii) the conditions on the immersed part of the hull

itself. The latter condition takes the form of the equality of the nor-

mal velocity of the fluid and that of the hull, i. e. that the flow is pu-

rely tangential to the hull surface when boundary layer effects are

ignored. This is therefore a Neumann problem. Also, when dealing

with an ideal amphibious hovercraft as in the previous study (1970)

which was assumed completely separated from the water surface at

all times both conditions relate to the free surface of water, one on

the external free surface (EFS) and the other on the internal free

surface (IFS) which is the vertical projection of the cushion opening

(i. e. of the hemline of the skirts) on the water surface directly below

the craft. Both these conditions relate to the pressure on the free

surface giving a Dirichlet problem.

In the case of the general type of ACV now under considera-

tion, there will be three types of conditions :

(i) The kinematic and dynamic conditions on the EFS

(ii) A normal velocity condition on the immersed parts of

the side hulls which separate the EFS from the IFS

(iii) A pressure condition on the IFS which forms the lower

boundary of the cushion.

This is therefore a mixed boundary condition problenn.

IV. 1 Conditions on the External Free Surface (EFS)

The kinematic free surface condition applicable to the EFS
and IFS has been derived in Section II in the form

<l>f+<i>r+4>f+ (a>y -V)f -wxr+r^ = (4-1)xxyyzz'-' x Y ^

on z = r. On the EFS the pressure is zero and substituting p =

in Bernoulli's equation (1 -8) we derive

!•= 1 1 2
4> +(a)y-V)<i> -wx^ + ^( V*)

t X yd (4-2)

also on z = f
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As the position of the free surface denoted by z = f is un-

known we will endeavour to eliminate the derivatives of f from
(4-1) by using (4-2) in order to derive an explicit equation for «l> .

Denoting the terms on the right-hand side of (4-2) by R, for the time

being, and noting that R is a function of z and t and that its value

is to be taken when z = f , the derivatives of f are evaluated and

substituted in (4-1) giving the condition

(^-V^) R + a;(yR -xR)+V*.VR-ci> =
ot dx' ' X y z

where R is, of course.

(4-3)

R = —
g

1
2"

<i) - V4> + w (y4> - x<i> ) + — (V4))
t X X y 2

and eliminating the derivatives of R, we derive finally.

(4- - V-l-)^ *+ 2V$.V(* - V$ ) +^V<I>. V
^t dx t X 2

(V$)' - g*^ = S

(4-4)

where S is an algebraic expression of a complicated nature each
term of which has, however, oj or « as a factor. This condition

can therefore be simplified when w is set equal to zero and in the

case of our coplaner motion in a straight course.

(It - v^)^* - g* + 2Vci'. v(ci>^ - V4> ) +4-v<i>.vr(v<i>)^
1
=

dt dx z t X <i L J

(4-5)

This is the exact free surface condition. We have made no
approximations so far, but the condition is only applicable on the

actual free surface z = T. Although we have elimanated K from the

equation itself, we are still in some difficulty as we do not know the

position of the free surface for the application of the condition the-

reon. We will therefore attempt to derive a condition, even if it is an

approximate one, which can be imposed on the known surface z = 0.

This, in effect, is the first stage in the linearization of the problem.

Assuming that the potential may be continued analytically from
the actual free surface z = f to the plane z = 0, we nnay expand it

in the form of Taylor's series

<i)(x, y, z;t) = <J)(x, y,o;t) + f^—
dz

+

z =
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The expansion in series may safely be expected to be convergent for

(J) is of small order I (5 , /3) J
and the derivatives of (|) may al-

so be assumed to be of the same small order. It is clear from (4-2)

that f is also of small order and may therefore be treated as a

small constant for the purpose on the expansion.

Substituting the above series in (4-5), we get

(|^. v|-)'.^ + r|- (-|--v-|-)^<t)-g<i> -gf0
dt dx dz dt dx z ^zz

+ 2 V (4> + f* ) .v[^^ - V4> + r|- (* - V4> ) 1 + 0(4>^) =
z L t X dz t X J

on z = 0.

Now, from (4-2) with w =

f = — (* - V4> ) + ((J>^)
g t x'

so that we have an approximate condition

<t>
- 2V* +V* - g(b +2V*. V($ - V<|) )

tt Xt XX ^^z ^ t z'

+— (<!> - V* ) -^ ($ - 2V4> , + V^4» - g«I> ) + (<^^) =
g t X ^Z ' tt Xt XX ° z

(4-6)
on z = 0. ^ '

IV. 2 Conditions on the Internal Free Surface (IFS)

If there is a distribution of surface pressure p (x, y;t) on

the IFS, we have from Bernoulli's equation (l -8) with co = 0,

g
4> - V<f) + ^
t X 2

T (V*)^
p (x, y;t)

+ ^
P g

z =f

with X, y in the IFS.

The kinematic condition is the same as that on the EFS and
given by (4-1) with oj = 0,
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(*-v)f +4)f-<t>r+r =0
X X

also on z = f .

Eliminating f as before, we derive

(-|^ - ^^^^- S*z ^ '^^^-
^^*t

"
^*x^

+4'^<i>.v[{V4>)^]

t[.
X y

This is the exact free surface condition on z = f and the

approximate condition on z = is obtained as before by a Taylor

expansion of $, giving the final result

* -2V4> +V$ -g<i>+ 2V<I). V (<t> - V<i) )

tt Xt XX z t X

1 ^s S 2
+_ (* - V$ +--)^ (4>^^ - 2 V* + V 4> - gcgt xpdztt xt XX®

1 {—- - yr—) p + 4> p + $ p
dt dx s X s V s

X -^ y

+-^ Vp ^ (4> - V4> ) + (<t.^) =
p g ^s ^z ' t x' ^ '

X
(4-7)

IV. 3 Conditions on the Hull Surfaces

Setting oj = in (1-9) the kinematic condition applicable to the

wetted hull surfaces is

(4) -V)H +<!> H +4>'H +H =0
X X y y z z t

i.e. V^*. VH + (^- V-^) H =
.dt dx

where the hull surface is given in the moving co-ordinate system by
an equation of the form

H (x, y, z;t) =

The above condition stipulates that the normal velocity of the hull at

each point is equal to that of the contiguous fluid particle, i. e. that
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the flow is tangential when viscous effects are ignored.

Now, the fluid velocity normal to the hull surface is

-tr— = n. V<I>
c3n

where n is the unit normal vector drawn into the hull given by

A A A

"Th^ + h^ + hH^ "'^»I

L X y z J

so that

(^ . V ^)
a 4* V4>.VH ^ ^t ax^ ,. V

^n ' IVHl ~ IVHI ^
'

Now, the equation of the hull surfaces is naturally given in the body

fixed system (x' , y' , z' ) in the form

H (x,y, z;t) = 5h^ (x' , z' ) - (y' - b) =

= 6h^ (x- ,z' ) + (y' - b) =

= ah^ (x' , z' ) - (y- +b) =

= 5h (x' , z' ) + (y' + b) =
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and

z' = (x - x) sinG - (z - h - z) cosG - h
G G

so that x' and z' are functions of x, z and the displacement parame-
ters X, z, which are themselves simple harmonic functions of the

time. However, y' is always equal to y in coplaner motion and does
not depend upon t.

We may therefore write,

Also

iH
= 5^ h fx' z' )

at at 1
^"^

'
^ ^

= 5
ax' a^i ^ az' a^i

L a t ax' at a z'

j

= 5 <-^ sine -— cosG - (z' - z ) G I
a x-

+ -{ x' G - -^ sinG - -^ cosG [•

a 1 1

-r— = d^— h (x' , z' )
d X dx 1 Lax ax'

L ox

a h

a z

sG ^—r + smG

.]

az'"J

an an
ay ay'

= - 1

an .a^ h(x.,z.)4-^f
a"i
ax'

az' a^i

az az' J

= b - smG ::^—r + cosG
ax' az'J
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so that

(^. V—

)

a<t at ^x'

V H

a 1

an

=5K-^ cose -— sine + (z' - z^) 6 + V cosO i-^-:
LI X z G J dx'

L

-K-sine +— cose - x'e + Vsine [^—;

- 1/2

(4-10)

This applies to the surface S^^ . On the surface S _ the hull func-

tion h is the same, but <^H/ay' will be + 1 instead of -1. The
expression <^ (j)/on will be unaltered for I ^H I will be the same.

Thus (4-10) expresses the normal velocity for the two outer

hull surfaces S and S

In the case of the two inner hull surfaces S and S we
simply replace the hull function h by h .

V. THE FORCES AND MOMENTS

It is shown in the earlier work (Appendix III of Reference 1)

that the forces and moments acting on the ACV as a rigid body may
be written in the form

and

M = Li + Mj + Mk = M + M

where, taking into account the side hulls in addition to the cushion

hull which was the subject of the previous study, we inay write for

the pressure force

c
= -

ff
P^ndS - ffp ndS (5-1)

^^^2
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and for the pressure moment.

= - /7p (7' X n) dS - //p (T' X n) dS

S^+S^ (5-2)

The surface integrals are taken over the displaced position

of the effective hull, S, of the air cushion, i. e. the instantaneous

position of the IFS and the instantaneous wetted surfaces S and
S of the side hulls.

r' is the position vector of an element of area dS with o'

as origin and the unit normal n is taken out of the water and into

the cushion hull and the side hulls. Also, pg is the surface distri-

bution of pressure acting on the cushion hull (z = T ) and p the

pressure of water at an interior point (z > T
,
) of the immersed sur-

face of the side hulls.

The rigid body force and moment are

and

^R '
Jlfw

^'^ (^ - gk) dm (5-4)

where r' is the position vector of an element of mass dm of the

ACV with absolute velocity U , and the triple integral is taken

throughout the volume of the ACV contained by matter.

These are the forces and moments acting at and about the

C.G. of the ACV due to its inertia and the pressure of the water on

the effective hull of the air cushion and on the side hulls.

The above expressions are written partly in the moving
(x, y, z) system and partly in the fixed (x' ,y' , z' ) system, but it is

obviously to be preferred that we should study the motion of the

craft in the steady (x, y, z) system particularly in view of the fact

that the pressure distribution on the water surface and the motion
of the water are given in this system.

The detailed derivation of the forces and moments are carried

out in Appendix, II, III, and IV where the forces and moments on the

cushion hull, those on the side hulls and the rigid body forces and
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moments are separately evaluated. The forces and moments of the
same order may be added together and if, following Newman's^'*'
notation "We write the total forces and moment in the form :

^ 0101
(5-5)

with similar expansions for Z and M, we have the following results

Longitudinal Force

^ ' 0100

0(8) X
2000 ^?^Jf\ 000 , (''''^'^'l^'

^^'^^'

x'

"f'^) ^uoo=-T Iho *'^;ir^'^''

>.^r ff\ (x'.b+z' ) a^l ^
00

(x' ,b-,z'
)

ah;

a

dx'dz'

oxn X ^Po *0100'-\S\j ^o^o

ro

«(^-) ^1010 = -(^) ^%oi^'''

«(^«) ^0110 = - (?)"'^ooi
^''

(x, y, o)

XX
dxdy
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"(*'«)
-zoio =

-^p^'"i/" I'^OOl ax' ^001 ^z'
"^1

001 G a: 000

+ (Vct,^010
, -^"^lOlO^a^

^(^'«) ^0210 =i^'''jy[^o(^°^^0110^"^^0110^)

^
("OOI

-^ ^G %0l) (t^PoPo * Po ) - V ( 2p^ $01

^Po*0100

XX X
00

X XX

dxdy
1\ 2 _ iat

-^ ^011
^

io-t
0(5/3a) Xiiio=-2e

p^

h, ^0

V^x h\
+ z.

^\

^%oi(^^g4? --Ti.)}^!

001 ax' 001 ^z'

00

+ (v^^oiio-^'^niio) Tl^ '^koi
a "2

^\
. . ,^-^ ^ . a^2

+ ^001 T^ +%oi(" ^^G TT- -" l^^l^oi

- - a ^2 "I

+ (Vcb - io-*" ) dx'dz'
^ * 0110

,

* 0110^ ax' J
^^"^"^

x'

'"F
''

/fro ('"*.oio -^*ioio >-^(^ooi
JJ- X XX '

00

+ Vooi)

'^Po *1000 +Po*1000
X XX

dxdy -
1 cr2_

/3 101

•(^) •'-.,.]•'
trt
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{ 6€ ) X = 2 p e^^* // (ia-„4> - V* ) ^^ dx'dz'
^ ' 1001 f^

JJJ' e 0001 ^Q-~' I
^ .

yi^o^^^e^oooi

'0001 / ^x'
x'

S X XX /c /\^o (5-6)

Vertical Force

"<*> ^000= Zpg^Mx'.z') dx'dz' .(-^)g =

So

« (*') ^2000 = - ^P^^f1000 .il'
^'•^^' ^ ^Ps/^lOO

^lo "

- x'Sjjijj) h (x' ,o)dx'

''(»^)2iioo=-^P^jf?*'oioo ,ll^'+*"oioo ,1^)^='''^^'
"^•^S. x' x'

io

+ 2pg / (zqjq -X' Gqjq) h(x' ,o)dx' -2 (x^QQ

^ ^G ^oo> //" Po ^^y
''•^F X

« (^'' ^0200 = - ^ '^010 ^ "g 'oiO^fpo^
^^"y

/ N
/"^2\ 2 io-t ^ ia-t f ,-

° (^«) ^1010 = "l-^^ ^OOl" -^
"PS" y^ ^^001

-x'eQQj)h(x' ,o) dx'

(^-) ^0110 = -
^'"'

^^001 ^ ^G 'OOI^fj[\
^^^

- [-rJ " ^001
^

s ^
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+ V (^001 - "' %oi>*iooo
,

,

-^ """loio
,

- '"^oiolf
X Z X '

icrt/r /-
dx'dz' + 2p e /[^g (z^q^ "

ah
iz-

ah
V9 4> -—

001 1000 , ax'
x' -^

.x'e^^^)h(x'.o).v(z^Q^-x-e^^^)ct>^
ah

000
,

az'
x'

dx'

m
2\ 2_ io-t

d °" ^101
^

M/5«)Zo2io-^ x/l''oio-^ooi +^001 ^OlO^^^OllPo

-^ 2 ^010 ^001 Po
I

dxdy.^-J:)cr^z,,, e^""'

XX. '

'Oil

(5^a) Z^^^^ = -2,
+

^(^001^^'^^G%0l)* 0100^,^,

o ^ah

+ V(^+ - io-4> +

x'z' X
^ ^ ^^001 ' '"'^OOl^'^^OlOO . .

'
'^' 0110 .

" ^""0110
1

az'

a^
-^%oi*%ioo . sFM'^'ooi + ^'-^VooiVoi 00

+ ^(^ooi-"'%oi'*'oioo +^*"oiio
,

- i cr$
Olio i az'

h^ :,h
a 2 ^- _a_i,

^^001 ^ 0100 a x'
dx'dz'

+ Zpe^^yig (Zo„.,,9ou) h (-' .o) - Vrzooi- x'e^^^)

h\
( * 0100 -^ ^* 0100 -h^ 'J^" *= 7/L'i 00 001

+ '-001=100 + 2-^101 Po +2rjo,rpg,p^ 1

dxdy

X XX
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2 _
0- z

dx'dz'

0(^e) Zq^o^ =
(5-7)

Pitching Moment

0(5) M^Q^jQ = - 2 p gj/J'x'
h(x'.z') dx'dz'

ilOO JJ ^o{&) M, dxdy

ah .
ah

dx'dz' -2pg/'(^l00""'^00)^'^^''' '°) ^^' -

.-T-y' g^G^oo

,
(5/3) M^^QQ = -

2pj//
L^l^-'

Ir^ - ^' T^ ^%1 00

a^2
h. ^o
a 2

r^' ^^-^ -x'-^—^)* /+ g 6«./^2' h(x' ,
z' )

^^ ax' "^ az'
-"^ oioo^j 010

dx'dz'

- 2 P^/ Sio - ^'%io) ^' ''^'''
'
°^ ^^^ "" ^ ^100 ^ VlOO^

(^'
) ^0200 = ^ (^010 ' Voio) j(/' ^ Po^ '"'^ -

^G ^ 010
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.

•"•£{8a) M^Qj^ = - 2 p g 0^^^ e zh (x' , z' ) dx'dz

- 2

/'o
L

('^2\ 2 ^2 2

(M M^^^^ = 2 (x^^^ + h^ 9^^^) e^"'j// xp^ dxdy +

icrt

(-?) *'g ( "Soi - 8 %oi' - (t)'' %oi
icrt

"/(« «) ^2010 = - ^ P ^ // r ("001 + ^' + ^G%01^*1 000

+ ^ (^001 - "%01^ *1000
. .

-^ "^^IDIO - ^^^1010

(^' H- ^'
ll' ^

" s ®101 ^'^ ("'
'
^'

^ ]
^"'^^' ""

+ 2 p e
"/I

^h
^(^001 -^'%oi^*iooo 'S^' "S^^ioi

-

(/3 a) M

x'ej(,j) h (x' ,o)
J

x'dx'
^l\-^j

h^<r (Jj^j -

101 - (-rj
"^

Sol.
- z ) - e

001 100^ ^

^(^010^001 " ^001^010 + ^^011^0 -^

+ ^ 010^001 (^"Po - ^ Po ^
-
g Po^OOl (y Po -

_ v^
0100 )

XX -I

XX X

dxdy + AV/^g ^^
("on -^oo/oio^

-

-g^ I\ 2 i(Tt

oil m (^ 011_
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(5flc^ Mj^^Q = - 2 pe 1 ' ^ 001 G 001) *
00

^ ^ ^"^001 001^ 0100
. . 0110 .

^ 0110

(z-
a^ ah.

ax. =''^'^r<^ooi^^'^''G%oi>*o.oo

+ ^ (^001 - '''"ooi' *"oion
. .

+ ^*'oiio ,

- '''*'oiio

ah ah

••'f

dx'dz' +

^ (^100^001 ^ ^001^100 "" ^^101 Po ^
" ^^00^001

(xp - p )
+— V p z *

^o o e o 001 1

XX

^G "" ^''lOl " ^00

dxdy +

(^)n
i(Tt

e + Z p e

+ *
0100 . az

X

'ah

^ (^001 - "'%oi' <* 0100
,

-^ +

x'

r) -g^^oii -^'^011^^^^' '°^] ^'^'''

iat|

dh

V4> )
0001 ,

^

x'

0(^e) M^^^^ =

(5-8)
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VI. STEADY MOTION IN CALM WATER

When the ACV moves at a uniform speed in a longitudinal

direction under the action of a constant propulsive thrust the motions
of the craft and of the fluid are independent of tinne. The waves indu-

ced by the air cushion and by the side hulls travel with the same speed
as the craft and there is therefore no periodic disturbance. Although
it is not expected that the ACV would develop- periodic oscillations, it

is quite conceivable that it will take up a steady state trim on account of

the steady disturbance of the water surface appropriate to the forward
speed.

Let us assume that the steady displacements of the ACV are :

Surge x=
^-loo + SlO-'^^^llO

heave z=
^^loo + ^^010 "^ ^^^1 10

pitch B- ^%oO^^%10^'^^10
(6-1)

These are the displacements at and about the C. G. of the

vehicle. The first set of terms denote the displacement due to the

motion of the side hulls, the second due to the air cushion and the

third due to the interference between the motions of the air cushion

and of the side hulls.

The only force acting on the ACV apart from its weight is the

thrust T which may be assumed to act in a direction parallel to the

deck of the ACV at a height hrp above the C. G. This is on the assump-
tion that air propulsion is employed. In the case of water propulsion,

the thrust line will be below the C. G. and also, possibly, oblique to

the deck surface, but the principle of the discussion which follows

will be the same.

The thrust is adjusted in such a manner that it is just suffi-

cient to overcome wave resistance as this is the only horizontal for-

ce (apart from skin friction, which is not considered in this study,

for the fluid has no viscosity) to enable uniform progression. When
the craft takes up a pitch trim the components of thrust along the x
and z axes will be T cos d and -T sin respectively, so that these

should equal respectively the longitudinal and vertical forces at the

C. G. of the ACV arising out of the action of the fluid pressure due
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to the uniform motion and steady displacements. Also, the moment
of the thrust about the C. G.

- h^ T
T

must be equal to the moment due to the fluid pressure.

Using the expansion (5-5) for the longitudinal force and similar ex-
pansions for the vertical force and pitching moment, we may write

T cos 9 = 1+0(5^, ^^, 5/3)
1000 0100 2000

' ^\200"^^^1100"^^^'^'^^') (6-2)

T sin9 = 86 +^d + 806
100 010 110

T = (5Z + j8Z +
1000 ^ 0100

+ 8 Z + /3^Z + 8BZ + (8^B ,
83^)

2000 ^ 0200 ^ 1100 " V'' P , P /

(6-3)

-V = ^^lOOn + ^^0100 ^ ^'^2000 ' ^'^0200 '

+ ^'3M^^^^ + 0(8%, 80^) (6-4)

It will be noted that we have not used terms containing o; or c as
we are considering steady motion in calnn water.

Referring to (5-6) and (5-7) we see that

^1000 = " ^"^ ^0100 = °

and, similarly,

2.000
=» "<i Zpjgp^O

from conditions of equilibrium in the hydrostatic case. Similarly,

during static hovering, i. e. at zero speed ahead, the total moment
about the C. G, of the pressure on the cushion hull and that on the

side hulls should be zero for equilibrium

1. e. '^1000* "'^0100 = °
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i.e. -2p g//_x'. (5h (x' , z' ) dx'dz' + //x /3p dxdy =

^'1^1 S
o o

which specifies the distance of the centre of buoyancy of the side
hulls and that of the centre of pressure of the air cushion from the
C. G. If these distances are x and x respectively

- Xg m^g - Xp m^ g =

i. e. nn„ x_, = - m, x
o r> i P

a result which is obvious.

"We may therefore delete the lowest order terms of ( 5 , /3 )

from (6-2) (6-3) and (6-4). The first equation then shows that T is
of

( 6'. /3^ b&)

3 2 2 3and since the left-hand side of (6-3) now becomes of 0(5 , 8 ^,8(3 , /? )

we conclude that

''22000*'''2p2P^
+ j^Zjjp^ = (6-6)

and we may also write

- h^ T = S^M^^^^ + 0\^^^ + J^Mjj^^ (6-7)

The wave resistance is given exactly by (6-5) for T = - R
and this will be discussed in detail presently.

Some general remarks can be made without the actual solu-
tion of the surface integrals for the forces and moment in (6-5),
(6-6) and (6-7).

Let us consider the integrals

JJ p dxdy i= ^p dy
S X L

JJ X p^ dxdy = ^ X p^ dy -JJ p^
S X "L S
o C
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and JJ p p dxdy = ~r-V P dy
^ o o 2 -/ ^o '

o C

where the contour L is the boundary of the cushion

L =L +L +L+T
C B 1- S 2 +

discussed in Appendix V. Since L, and L^j. differ from the longi-

tidinal planes y = — b, by the semi -width of the hulls i. e. by 0( 5 )

we may indeed set

dy = + 0(5)

along I-"i_ and Lp + ^^^ ^^^ line integral may be taken over the bow
and stern sections L_ and L- only.

In the case of a uniform cushion with p = constant throughout
the cushion, the first and last line integrals vanish. The line inte-

grals also vanish in the case of a non -uniform cushion with the pres-
sure reduced to a zero or non-zero uniform value at the front and
rear boundaries and generally, in the case of any non-uniform cushion
with fore-and-aft symmetry both in the pressure distribution and in

the plan form of the cushion. The line integrals will only survive

when the pressure along the front and rear boundaries have different

values, say, in the case of compartmented cushions.

VI . 1 Sinkage and Trim

Let us now consider (6-6) which shows that each term should

be separately equal to zero as the three ternns are of different or-

ders and substituting for these terms from (5-7).

-^"^f *iooo ,% ^-'^-'-^^s /(^loo-'''^oo"^
S- x' L

o

(x' ,0) dx' = (6-8)

^(^OlO + ^G^lO^*^ Po ^^^y =
' (^-9)

^1
o

and
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-^••^JJ (*o,oo, ^^^*oioo, ^P-) ^"^-^^-^

S x' x'

Li

s
^

O

In the case of an arbitrary non-uniform cushion without fore-

and-aft symmetry and with different pressures along the front and

rear boundaries

If Po ^^^^

S
o

will have a non-zero value as has just been established. In this

case, therefore, (6-9) gives

^010
^

'^G "OIO = "

In the case of other types of cushion just discussed i. e. in the case

of a uniform cushion or non-uniform cushion with fore-and-aft

symmetry, the surface integral in (6-9) vanishes and the set of

three equations becomes degenerate.

In the general case, however, we have three equations abo-

ve for the six unknowns determining the surge displacement, sinkage

and trim of the ACV during steady motion, namely

^100' ^010' ^100' ^010' %00 ^^^ %10

The other three equations will be provided by the equations for the

moment which we shall now consider.

Substituting for T on the left-hand side of (6-7) from (6-5)

and equating terms of the same order given by (5-6) and (5-8) we
have the three equations :
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dx'dz'

^ G 100

dh_

"T ^ 1000
,

ax'
s

dx'dz' (6-11)

^ ^^010 " ''G'oiO^If ^ Po ^^y - (t) g VoiO
Sq X

= -j\JJ\j PoPo -^Po%100 ("'^'^^l

/( h h

-, V (z'4-^ - X' 4-4-)<i>;l;,^^ + (z
's /

c^x' Oz' '' 0100 .
^

+ g ^„,„ z' h (x' , z'
)6 QJQ \ . /

dxdy

(6-12)

0100
dx'dz'

-^'^ f^^^oio '''^oio^
^'^^''' '^^ ^^' ""

+ ^(^loo^^G^oo)#p ^-^y -fr)^

6 / 010 S^G ^ "''^ \/ki

I /3 / 100

a^i

<!>
a^z^

0100
. a

V

X "^x -"

dx'dz' +— h„
g TZ/^o *iooo <"-y'°> *="*"

XX

(6-13)

We may simplify equations (6-8) to (6-13) using the following rela-
tions ;

2 5 /" h (x', o) dx' = A

Z8 J x' h (x' , o) dx' = A X

25
J x'^ h (x' , o) dx' = I

2pg5//z' h (x' ,z' ) dx'dz' = m g
'B
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/3 I/ ^ P dxdy = p/x dy + mg

We thus have the set of equations

'5

^100 " ""a
._^Xlff,

(x',b.z') ah ^^.^^,
100 gA JL/ 1000

,

az' ^ ^

s ^

^010^^G%10 = ' ''
if ff P^ dx dy ?^ (6-15)

c- X

X. d
2V

010 A 010 gA-fM.
a^2

00 . -z- -0100
.

a^. )dx'dz'

25 , _
PgA (^100 + »G^00'j(/*Po <^'^<ly (^-'^>

100 pA X. 100 gAxy-/L P t' ax'

1 *iooo^.]

gAx/^ L

In

-"-|?t *iooo
I

^^'^''

X'

(6-17)

(^'lOO ^ '^G "lOo'/ ''Po -^y + <^^100 ' l^G ^00' (ir)
^

b" s

^ (^100 ^^G ^100

/ m X

)/-Po^^^(^^100^VlOO^T"/^

+ g 010 r\ 5

a\ A"2PI—)-(-yj (^0 + Vi - '^g^oioV^Z-A

= 2p// V (z' +h^) r -X"»//[ T' ax-

+ V (z'+h^)
a^2

ah.

T' nx' " "" az'

0100
,x'

4>
0100

dx'dz' +

^"i^TJ^/'Po^lOOO^ ^"'^'°^ ^""^^ (6-19)
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It will be readily observed from the above equations that

when X = i. e. when the C. G. of the waterplane area of the side

hulls lies below the C. G. of the ACV, the pitch and heave displace

ments are uncoupled.

The above equations are applicable to arbitrary non-uniform
cushions. From (6-15) and (6-18) we readily obtain

2pg rn, J
' I^B^^S

Vh
+— ^ f/(^Po) (3*0100 > ^^'^y (^-^O)

Q JJ XXm g J
S
o

so that the steady surge and pitch displacements of { 0) are zero
of the thrust line passes through the C. G.

The other four displacements can be obtained from the four

equations (6-14), (6-16), (6-17) and (6-19).

The displacements in the lowest order

*^100 ^ ^^010

*^100 + ^^010

and

8a + 56
100 010

have thus been solved. The higher order displacement of ( 5/3)

can also be obtained by considering the higher order forces and

moment.

In the case of uniform cushions or non-uniform cushions with

fore-and-aft symmetry.

X
S
o
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and equation (6-15) does not exist. We could obtain x,„„, z
, ^„ , andLOOlOO

^ from (6-14), (6-17) and (6-19), but there are oruy two remaining
equations for solving Xqjq, z^^^ and Oq^q-

We could, however, make the additional assumption that x and
X are both zero, for the steady surge displacement is not a use-
ful quantity and can, in any case, be absorbed in the co-ordinate
system. In this manner the sinkage (heave displacement) and trim
(pitch displacement) can be calculated.

VI . 2 The Steady Potential

It is shown in Appendix V that the potential in steady motion
can be derived in the form

4>(x,y,z) = 5*1000^^*01 00

where

and

$ '~^JJ^
1000 47rsa^'

G (x, y, z; V,h, V) + G (x, y, z; i' , -b, V
)
dk'dV

0100 47rpg JJ d^

/[[^OlOO^^'^'^^FS TF G(x,y,z;^.^,o) -

G (x, y, z; I , t; , o) d^ dr? + .

IFS

4 7rpg

'idT '^OlOO (^''''°)Jt:'t:^c
G (x,y,z;^,r,,o)

I

d77-

-i;/fKioo(«'^--^')-*oioo(«'''^^-^'>]---

IFS

EFS

^10

aG (x, y, z; ^', v' ,
^'

)

dr]'

dG (:

iv'= b
(6-21)

As indicated in Appendix V, we have only derived an integral

equation for
'^f^lf^f^»

although 4>^ fxp>/^
has been explicitly solved in the

form of an integral representation on the assumption that the separa-
tion between the side hulls is sufficiently large for the interference
effects between the hulls to be considered negligible. In this case there

will be no "jump" in the potential between the two sides of each hull

147



Murthy

and an explicit solution is possible.

The velocity potential due to the air cushion now derived can
be shown to be of the same general form as that previously obtained

for the acceleration potential of an amphibious ACV in Reference 1.

There is, however, an additional term now in the form of a surface

integral over the longitudinal planes of the hulls which provide a ver-
tical barrier along the lateral sides of the cushion.

The Green's function to be used for steady motion is

G(x,y,z;^,^,r) = ^(x -f )^ + (y -7, )2 + (z -T )^] -

- (x-0^ + (y-^)^ + (z+f)^ + 4^ Re

/• /• - p(z+ D + ip (x- ^ ) cos 6

/ / ^ cos^p(y-^^)sing ^^ ^^
r

^^_^^^

"i ^, g-pVcos0
M b f

where M is the contour along the real axis of the complex p-plane

passing above the point

g 2
p = p = °^ sec B

The integrand in (6-22) is complex, but as we are interested

only in the real part of the integral, we must seek the contribution

from the real part along the real p-axis and that of the imaginary
part along the semi-circle above the simple pole

2
p = k sec Q

o

where k = g/V . We thus obtain after evaluating the residue
o

G(x,y,z;^,T,,r) = [(x - ^ f + (y - ^ )^ + (z - f )^]

\
(x - I ) + (y - 7, ) + (z + r )

-4k

cn 2
/ -k (z+ r ) sec B

1
/e sin k (x- % ) sec Q

148



Lvneavized Potential Flow Theory for ACVs in a Seaway

ir/

Iosk {y- v) sec 6 sind\ sec^d^ /sec B dd

3-p(z+r) ^Qg _p(x-n cos^J cos [p(y- r)) gjn
^J

/- dp

/

2 ,
p - k sec 6

(6-23)

where dp indicates that the Cauchy principal value is to be taken.

VI . 3 Wave Resistance

The wave resistance is given by

2 2

^W = "^ ^2000 ^ ^0200 ^^^1100

and substituting for the longitudinal forces fronn (5-6), we nnay write

^W = ^^^^ !//"*! 000 ,

(''•^' ^') ^ ^^'^^'
-

i"
^
j(/"[t Po Po^ - ^ Po *oioo^ ('=• -f- °)]

<*==<^y +

// ^o 1000
dx'dz- +^^^// P^ ^,^^^ (x,y,o) dxdy

i"
""

(6-23A)

The first term on the RHS, is the wave resistance due to the

side hulls in calm water. It is assumed that the separation between
the side hulls is sufficiently large to avoid the necessity of evaluating

the potential on the two separate sides of S. due to possible inter-
ference between the two hulls. The second term gives the wave resis-
tance of the air cushion and the two remaining terms represent the

interference effects of the air cushion on the side hulls and of the si-

de hulls on the air cushion respectively. These terms may be evalua-
ted separately and then ar'ded together to give the combined wave re-
sistance of the entire system moving in calm water.
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Considering first the hull resistance and substituting for the

potential from (6-Zl), we have

1 R
^2 "VV hulls 2

PY^ ffdh . ,, Jf dh d^dr

1 1

[g^, (x',b,zU',b, r' ) +G^, (x- ,b, z- ; T, -b. T'
)]

(6-24)

Now

and

dG(x' ,b, z'; f ,b,f') r
5x'

[(x'-r)^ + (z'-r)^]
2] 3/2 "^

- ^

[(x'-r)^ + (2'+f )^]
21 372"

>/2 . , . .,. 2.

4 k I e^/ e ° cos fk (x'-^')sec&J sec ^ d^

Ik r r -p(z'+r') .
I

, ,,^ / sece d^ f-^
sxn Lp(x- Q co

sec^ d^

aG(x' ,b, z' ;r, -b, r' ) _

ax'

p - k sec ^
o

X' -r

dp

(6-25)

[(x-- $')^ + 4b^ + (z'-r')^]

x- -r

21 3/2

-4 k

[(x-- ^'f + 4b^ + (z'+r')^l

//2
, ^- 2

/ -k^ (z'+f ) sec e
|- 2 1

/ e cos k (x'- ^')sec^ cos 2k bsec 6 sin0

sec 8 dd +

V2 CO
^

9/ ^^^flHflf
p^"^ ^ ^sin[p(x'-^')cosgJcos[2pbsing

|^

"" I i . 2 .

p - k sec
o

(6-26)
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We may write (6-24) in the form

[f^ (x- ,z' ;r. f) + f2 (x' .z- ;°^', T)
]

where f and f are given by (6-25) and (6-26) respectively.

The above equation may also be written

pj ( r, r;x' .z' ) +£2 (^', f';x' ,z'
)J

by interchanging x' with ^' and z' with T'

U (x' ,z' ;{, f) + fj(f', f^x- ,z' ) +£2 (x' .z' ; «'. r) +

tf^ ( {', r';x' ,z' )]

by the addition of the above two expressions and taking half the value,

It will be seen that the first, second and fourth terms on the

RHS of (6-25) and (6-26) are odd functions of (x' - ^' ) so that they
cancel respectively with each other when we take the sum

f^ (x- ,z' ; r, r') + f^ ( f,r' ;x' ,z' )

and

f^ (x' ,z' ; r, f') +^2 (^', f';x' ,z' )

but the third term is an even function and gives a contribution to the
sum by doubling itself in each case so that we have
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1 r. 4 pV^1-^^ -'-//^
6 hulls 5*

^ 2
'°

r
''°

1k (z' + r')sec ^ cos k (x'-^sec^

9
ll + cos 2 k b sec d sin ^ sec ^d^ (6-27)

If we use the expansions

cosk (x'-^) sec& = cos (k x'sec d) cos (k ^' sec^) +
L o Jo o

+ sin (k x' sec^) sin (k T sec^)
o o

and

2 2 2
1 + cos (2 k b sec d sin ) = 2 cos (k b sec 6 sin^)

o o

and write -,

2 . ,J /ah(x' ,z') "V ^^"^ ^

P {6) = cos (k b sec 6 sin 6) I
j
——^,—-^

cos (k x' (sec ^) dx'dz' ^o
o

'//'

and

//'
7 / / ViV ' ') ^ sec $

Q{d) = cos (k b sec d sin^) // ^
^i'

^
^

sin (k x' sec0) dx'dz' 'o ,, .

we have for the absolute value of the wave resistance

l^R = l£^
I

(P^ +Q^) sec\ dd (6-29)
5 ^huiis ttv y^

When the quantity b representing one half of the separation

between the two hulls is set equal to zero we get the result for two

superimposed hulls which is the limiting condition of two contiguous

hulls with the width doubled and as the resistance can be seen from
(6-28) and (6-2 9) to be proportional to the square of the width of the

hull, we will have to take one quarter of the above value for a single
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hull

/<*"•+ Q'') sec^e de (6-30)

where

'o^'^'o- jj
2

exp (-k z' sec + ik x' sec0) dx'dz'
_ o o

which is the familiar Michell integral for the steady state wave resist-

ance of a single hull. The constant 2 is usually given as 4 in Michell'

s

formula, but we have taken h to be the total width of the hull and
not the semi -width.

We will now consider the wave resistance of the air cushion

1 R
( cushion IIWt Po^o -^Po%100 ("'^'°^

JJL X XX .

^0

dxdy

where the potential is given by (6-21). This is an integral equation
and attempts are being made to solve this, but we can obtain a sim-
ple integral representation for the potential of the form

0100 4irpg JJ

(Lv)
%^c^f^=TZT;r Ij ^^ G (x, y, z; ^ ,

t,
, o) d ^d,?

if we make the following assumptions.

(i) The pressure in the cushion is diffused in such a manner
that it becomes zero at the front and rear boundaries where the

plenum air escape with air entrainment from the atmosphere and the

generation of trapped vortices will probably ensure that this is so in

practice. If this assumption is valid, the "jumps" in the potential and
in the longitudinal velocity of the water particles will vanish and the

line integral in (6-21) may be ignored.

(ii) Although a discontinuity in the potential may be assumed
not to exist at the front and rear boundaries, a discontinuity will cer-
tainly be present across the vertical barriers imposed by the side

hulls as there is no air escape across these boundaries to alleviate

a discontinuity of the pressure. However, if the depth of immersion
of the side hulls is small and of the same order, say, as that of the

hull width, the surface integral over S will be of ( 6 ) higher

o
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than that of the potential and may therefore be ignored.

As stated above, the above assumptions may be made pending
a rigorous solution of the integral equation for the potential so that

practical results can be achieved even if they are approximate ones.

Also, under assumption (i) above,

l/p p dxdy = (I) p dy =

and we may write simply

^^W ,. =7 // ^o %100 ^^'^'^^ ^^^y
j3 cushion JJ XX11

'° ^''''.

TJJ\ "^010.=T ^Po *oioo^ ^^-t/K/oioo, ^""^y

The line integral is again zero and "

_Lr
6 cushion

So

^
-d^ d.

/. 2/1 dx II Qt

j^G^ (x,y, o;^, 7,,o)j (6-31)

This is almost exactly of the same form as the expression (6-24) for

the hull wave resistance with p instead of h.
o

Now

: I cos k (x-^) sec^
o

/ L o J ^

:os k (y-^) sec 6 sin^ sec d dd +~— Is

6 G (x, y, o; ^,77 ;o) _ _ ^^.
dx Of L U J TT/^

sec e dd
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f
p sm j_p(x-^) cos ^J cos [_(y- t;) sin &J dp

p - k sec
o

Substituting in (6-31) and noting that the second term on the RHS
makes no contribution to the double surface integrals, we have

-J^w
cushion irpY^J,

72 ^
'If

-wz— ^^^W/
—

r^
— ^^^^

f r 1 r ° 2 1 3
/ cos k (x- ^ ) sec 6 cos k (y- V ) sec 6 sin0 sec ^ d^

It is easy to reduce this as before to the form
7r/2

/3 cushion ^^P^

= ^—r-
/
[p^ id) + Q^ (e)] sec^^ d^ (6-32)

where now

P(0)

Q(e)

'dp^ (x, y) (cos)
2

3 I Ik (xcos0 + ysin0) sec dl dxdy

I sin I

L

(6-33)

These expressions may be compared with (6-28) and (6-2 9) for the

hull wave resitance.

It is clear from (6-33) that we may write by the use of

Stokes' theorem,

P(0)

Pq (x, y)

sm
k (xcos^ + ysin^) sec ^ dy -

- k sec
o

9 //p (x, y)
I

( k (xcos ^ + ysin^)sec 6

jj / cosl'-

dxdy

The line integral vanishes and we have

2 V2

/3 cushion vrp^

k r
=-^ / [p^^ {d) + of [e] ] sec^^ dd (6-34)

where
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15 (^)

QAe)

CC (cos -|

= //p (x, y) j
k (xcos + ysin^) sec gj dxdy

JJ
°

sin ° ,,

\
(6-35)

These results agree exactly with those given by Havelock [6J for a

surface pressure distribution which is continuous and is zero at the

outer boundaries.

We now conne that part of the wave resistance which is due to

the interference between the air cushion and the side hulls.

Referring to (6-23A) we shall not attempt to evaluate the inte-

gral over S\ for under the assumption made previously (i. e. with

small side hull immersion) the integral will be of (5 |8). The in-

terference of the air cushion on the side hulls may therefore be neglec-

ted.

The effect of the interference of the side hulls on the air

cushion is given by

^^W.
,

^Ti^Po *1000xx(^'^'°^ ^^^y =
interference s„

= -

J
fr^ dxdy //-||, di'dr' [G^(x,y,o;r.b,r') +

+ G^ (x,y, o;r, -b,
r)J

(6-36)

It does not appear that this double surface integral could be

reduced to the simple form of a single integral as in the case of the

hull resistance and the cushion resistance.

VI . 4 Drifting Amphibious ACV

The case of an amphibious hovercraft drifting in calm water
has been discussed in section 7 of Reference 1 and a solution for the

wave resistance in closed form has been obtained in the form

2 ""h

1
k

-!- R
2 W

j8 cushion 27rpV

-V2
roV J

5
sec e de
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with

rr jcosl , \ ->

= //p (x.yj fk |xcos(0 + i3) + ysin(/3+^)) sec dxdy

(6-37)

where /? is the angle of drift on the right-hand side.

The side force F in drifting motion has also been obtained in Refe-
rence 1

k^ >
^ Fg =_^ /rp^(^, ^) + Q^ (0, ^ )"1 sec^^ sin (/3+ q) AQ

2-K(N J
-%

It is not worth attempting to find a solution for a drifting ACV
with side hulls since the lateral motion will induce a disturbance of

the water which will not be consistent with the basic assumptions of

this linearized theory.

VII. FORCED OSCILLATION IN CALM WATER

Let us now consider the case of an ACV which is forced to

oscillate in calm water during steady translation. Obviously, we have
in mind the forced oscillation of an ACV model during towing tank

tests. We will now derive the oscillatory forces and moment acting

on the craft when the motion and oscillations are confined to the lon-

gitudinal plane. Such a motion can be deliberately imparted to the

model by a mechanical oscillator such as the Planar Motion Mecha-
nism (PMM). The added mass and damping of water can be determined
by experiments of this nature in calm water.

In the case of an amphibious ACV free from water contact, the

discussion of the motion in the longitudinal plane can be applied direct-

ly to motion in the lateral plane for the disturbance of the water would
be comparable in both cases, the beam/length ratio of present day
hovercraft being of the order of unity. The discussion of surge, heave
and pitch in this section will then apply also to sway, heave and roll

in beamwise motion.
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VII. 1 The Unsteady Potential

The potential can be expressed in the form

4>(x,y,z;t;8;/3;a) = ^^^^^^ + ^$^^^^ +

+ e^'^^pa'i*^^^^ + &a^ +
.0

'^ 0110

The displacements will consist of the steady terms constitut-

ing the trim of the ACV in calm water together with the oscillatory

terms :

x= 5x^^j^j+/3Xq^^j+ ae x^^^ + 5ae x^^^+^ae Xq^^ +

w^ith similar expressions for z and 6.

In the above expansions a is the frequency of forced oscilla-

tion. The discussion in this section will apply equally to free oscilla-

tion due to w^ave excitation in which case a will be the frequency of

encounter of the waves. This is discussed in the next section.

The steady potentials ^, ^^n ^^^ *mnn have been discussed
in the preceding section. The oscillatory potentials ^i/>i« ^t^^ ^niin
are derived in Appendix V with an explicit integral representation
for the former and an integral equation for the latter which could,

however, be simplified and an explicit solution obtained under certain

assumptions similar to those outlined in the last section.

VII. 2 Lowest Order Restoring Forces and Moments

The lowest order restoring forces and moments are obtained

from (5-6), (5-7) and (5-8) and after simplification reduce to :

^''''
^^"^1010 ^^"^0110^ = - "^''^^ooi

^'"'

^"'(^«^1010^^«^0110) ="^"' h^(^001--A 'oOl)-

- "
^ "" ^001 -'^^001 ^ ^G ^001) /7^Po^ ^^^>^]
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+ 2(^ooi^^g%oiM/^'^Po ^H (7-1)

These expressions give the restoring forces and moment
acting on the craft when it is given oscillatory displacements in sur-

ge, heave and pitch of a forced nature. The longitudinal force contains

the inertia term only, but the vertical force and pitching moment
contain in addition, the contributions due to hydrostatic pressure.

The velocity potential of the water does not enter in the forces and

moment of this order and we cannot therefore expect to find such

effects as the added mass and damping of water which are of a hydro

-

dynamic nature and of a higher order.

VII. 3 Higher Order Restoring Forces and Moment
Added Mass and Damping Effects

The higher order forces and moment can also be written

down from (5-6), (5-7) and (5-8) in the same manner as (7-1). These

second order forces and moment include the added mass and damping

effects of water as the potentials *,«!« a-^d *q i i q enter into these

expressions in addition to the steady potentials and the steady displa-

cements as the steady disturbance of the water persists during the

oscillations. The pitch and heave stiffness of the air cushion also

play their part in determining the forces and moments of this order.

It is clear that the steady potentials ^iqqo ^^^ %100 ^"^^^^^

are real) will be in phase with the displacements and will not there-

fore yield any damping contribution. The only contribution will be

from the unsteady potentials 4> ^,^ and <I> which have a real
1010 , 0110 , .^, icrt

part and an imaginary part, so that when the product with e is

taken there will be components of force in phase and in quadrature

with the displacements giving rise to added mass and damping effects.

It will have to be remembered that we are discussing only

hydrodynamic effects here. The damping due to aerodynamic and

pneumatic effects in the air cushion will also have to be taken into

account.
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VIII. FREE OSCILLATION IN WAVES

We will now consider the case of an ACV moving at a constant
speed in a seaway composed of regular waves with their crests nor-
mal to the course of the craft. It is assumed that the craft has been
operating for a long time so that all the transients would have subsid-

ed. The craft would then undergo periodic oscillations in pitch, hea-
ve and surge with the same frequency as that at which the progressi-
ve waves are encountered. It is assumed for the purpose of this ini-

tial study that the seaway is composed of a single system of simple
harmonic waves of a particular frequency. An extension to motion
in an irregular seaway can then be made by using the methods of

spectral analysis.

The velocity potential of the water will now be composed of

several terms as follows :

['*0001 1001 ^0101

where "^i /n/n^ s-^d ^^,p,, a-re the steady potentials for motion in

calm water discussed in Section 6;

cj) is the potential of the incident wave;

^^r.^^ is the potential of the wave diffracted from the side

hulls;

<J> is the potential of the wave representing the disturban-

ce of the incident wave by the air cushion;

and a is the encountered frequency of the regular waves.

VIII. 1 Incident Wave Potential

It has been shown in Reference 1 that the velocity potential of

a regular wave of amplitude a , circular frequency cr and progres-
sing along the negative x-axis may be written in the form

a

(!)
(-T^)^'^P [-kz + i(kx-f.^t+7)]

where the wave length
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k

and the wave number

2
k =-£-

g

The frequency of encounter

0- = (T + kV
e

and 7 is the phase angle of the wave.

As we have denoted the amplitude/length ratio of the incident

waves by the small perturbation parameter t , we may write

(J)= € —^-i- exp -kz + i(kx + a t + y )
crk L e J

so that in our notation

*0001=4lf '^P [-kz + i(kx+7)] (8-1)

VIII. 2 Lowest Order Exciting Forces

We are now^ in a position to compute the low^est order exciting

force in the longitudinal direction from (5-6)

^'^1001 +^'^0101 = 2^<-^"^'jff(i<'e*000r^*0001^,'ll'
^^'''^'

and substituting for the derivatives of ^^.p-^,, from (8-1) we get

^^^1001+^^^0101 -^'-X- ^

Mexp - kz' + i(kx +7 ) -T—;- dx'dz' -

- Zw I3ee''''^^jje^p ri(kx + 7
)J p^ dxdy (8-2)

The vertical force and pitching moment due to wave excitation arise

mainly from the side hulls as the air cushion provides no contribu-

tion and we have
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' '^1001 -''^ e-"/Lp [- kz. + i(kx ..
)]f,

dx'd=

and
0

*'^1001 =*'^4^ ei':']txp [- kz' + i(kx +7)]

(8-3)

(8-4)

It will be noted that these forces and moment are purely of a

hydrostatic nature.

VIII. 3 Free Oscillation

When the ACV responds freely in v/aves taking up displace-

ments appropriate to the excitation, restoring forces are developed
on account of the displacements. It is assumed, of course, that there

are no external forces acting on the craft apart from the constant
thrust. It has been shown earlier in Section 6 that the small displa-

cement in pitch will not provide a restoring force in the longitudinal

or vertical directions although the thrust line is displaced in space.

There will also be no restoring moment available in pitch on this

account as the contribution is of a higher order. As the ACV is in

equilibrium under the action of the restoring forces due to the dis-

placements caused by the exciting forces, we may set

Restoring
Force

Moment
+ Exciting

Force

Moment
=

1. e. ba

+ 5*

X
z
M

X
z
M

+

X
/3a Z
(m

(x
^e Z

I M

+ higher order restoring forces +

-t- higher order exciting forces =

It is clear from the above system of equations that the order

of the displacement caused by the incident wave has to be the same
as the order t of the waves themselves.

Using the expressions derived in Section 7 for the restoring

forces and nnoment, we can now write the following set of equations
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^1010 ^ ^1001

m
2\ 2_ iffet 47ripg icret— o x^„ e + r e

5 / e 001 k

//exp[^-kz' +i(kx+7)J-||T dx

'0

^0110 ^^0101

r

1\ 2_ io-et _
\a x^^, e - 27re

/3 / e 001

'dz' =

icret

i (kx + 7

)

i<re t

^1010^ ^1001 " ^

47ripg iaet
+ ; ^e

o
dxdy =

rm.
2\ 2

001

//exp [- kz- +i (kx +7 )]-^

In

+
5 / e 001

dx'dz' =

^0110 "^ ^0101
i<Tet ,_ °

, , .

Soi''^G%Ol)

, 1\ 2 _ iaet
dxdy-(^cT^ ^001^ = °

i(To t

•^1010+^1001 =
"

'm

h ^^^G^ Vooi -s^ooi^
"

+ Pg
"^2\ 2 (h

001 - pg z

M + M =2(x +h^ ) e'"''^^ // xp dxdy +
)110 ^0001 ^ ^""OOI G 001^ -jj ^o

+ Q) 'c < *e 001 001^ "V7"re %01
iaet _

e =0

(8-5)

The lowest order displacements in surge, heave and pitch are

given by ax^^^ei'^e^ , aie^^^t ^^^
^^qqi

e'^et and it may ap-

pear from (8-3) that there are six equations for these three unknown

quantities. However, these should be reduced to a set of three equa-

tions, by setting the total longitudinal force, vertical force and pitch-

ing moment equal to zero. This step is suggested by the fact that
/mi\ -

/mo\
the masses supported by the air cushion

ing moment equal to zero,

althoughj^j and [-^)'
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and side hulls respectively, are known from design considerations, it

is not possible to separate the total inertia

into separate components l-^—) and II .

We thus obtain the set of equations :

e 001

7rip°g
// r 1 . ^ • h ^ n1^ [<5h(x' ,z')] J ,j°
//exp - kz' + 1 (kx +7 ) -—^

—

1 Ll dx'dj

^1o

mcr^ z - pgA (z - x ^ ) - l^Li^
e 001 ^^ ^001 A OOr k

j/exp [-kz'+i(kx+7)]
^^^^^^ax'"'^'' ^"'^"' +

^ (^001 ^^G ^001^ ii^Po dxdy =

X

^^g(%"001 -^'OOI^^^'^^A-'^Z^'-B -%^)%01 -

^^^001 ^""a ^ ^nF^/r''P L"^^' + i (kx +7 )]

r.a[ah(x' .)1_^,a[.h(x' z')]]^^,^^,
^

L dx' dz' J

^^(^OOl^^G 'OOI^ff^^\
^^^y = ^

^0
(8-6)

The first of the above equations gives the oscillatory surge
displacement explicitly. The left-hand side is actually the surge acce-
leration and this is independent of speed for the term a^ which depends
upon the speed of motion is absent on the right-hand side.

The other two equations enable the solution of the heave and
pitch oscillatory displacements. As before, these displacements are
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uncoupled if x , = .

When we set the parameter h denoting the thickness of the

side hulls equal to zero and also the water plane area A equal to ze-

ro we get the results for an amphibious ACV which are discussed in

great detail in Section 9 of Reference 1.

Having calculated the oscillatory displacements and thereby

the accelerations in the threee modes we can estimate the ride conn-

fort in waves by combining these accelerations in the appropriate

forms at various locations in the ACV.

The higher order displacements can also be derived by consi-

dering the higher order forces and moment.

The response functions in surge pitch and heave can be com-
puted for a specific ACV configuration and motion predictions in an

irregular seaway can be made by the use of spectral analysis within

the limits of the theory of linear superposition.

IX . DISCUSSION AND CONCLUSIONS

The assumptions underlying this theoretical investigation of

the motions of an ACV in a seaway and some of the results obtained

here have been discussed in the Introduction and Suminary. Attention

is confined in this study to coplanar motion in the longitudinal plane

with freedom in surge, pitch and heave only. Results for the amphi-
bious ACV free from water contact can be obtained from the general

results by setting the hull parameter 6=0 and omitting the surface

integral over the longitudinal plane of the hull and the line integral

over the waterline occurring in the integral representation for the

potential due to the air cushion. These results can then be applied

equally well for beamwise motion in the lateral direction as the

beam/length ration is generally of the order of unity and the distur-

bance of the water due to longitudinal, drifting or purely lateral mo-
tion will be of the same order. Obviously, this does not apply to an

ACV with immersed side hulls.

The primary results are contained in the horizontal and ver-

tical forces and for the pitching moment derived at the end of Sec-

tion 5. As may be expected, the lowest order forces and moment
are purely of inertial and hydrostatic nature. The hydrodynamic
pressure of the water does enter in the higher order and it is possi-

ble to calculate the added mass and damping of water, the mean in-

creased resistance due to forced oscillation in calm water and due
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to the free oscillation in waves etc. The evaluation of these quantities

and the derivation of the higher order potentials such as those due to

the interference between the air cushion and the side hulls, the diffrac-

tion of the incident wave by the side hulls and the disturbance of the

incident wave by the air cushion are not carried out here, but the

simpler results such as the steady trim taken up by the craft during

uniform translation in calm w^ater and the expression for the wave
resistance which combines the well-known results of Michell and
Havelock and also introduces an additional term representing the ef-

fects of interference betw^een the air cushion and the side hulls show
that our method of approach to the solution of the problem is a prac-
tical one. The expression for the side force on a drifting amphibious
ACV and the response functions for the amphibious and non-anaphi-

bious ACV (for which expressions have been derived although not

explicitly solved here) will also have practical applications. The
ride comfort in waves can also be estimated by combining the levels

of acceleration in surge, pitch and heave in an appropriate majiner

depending on the location in the ACV. It would, however, be prema-
ture to suggest that these response functions can be used for the pre-

diction of the performance of the ACV in an irregular seaway by the

application of the theory of linear superposition in the absence of

experimental results confirming the linearity of the motions in waves
of small amplitude.

The method of solution presented here can also be used
in the case of the water contact of the flexible extensions and even
in the case of immersion in water if the flexible extensions are assu-

med to be of a fixed shape. A later extension could cover the case of

flexible extensions compliant to the water pressure.

It cannot be stressed too highly that the theory presented here

must be used with a certain amount of caution when applied to the

actual operation of an ACV over water. The underlying assumptions
for the linearized theory are that the cushion pressure is small, that

the hull is "thin" and that the speed of translation is moderate or lar-

ge. The slope of the induced wave may then be considered to be small.

Also, the oscillatory displacements and the slope of the incident wave
should also be small quantities.

It is needless to add that the theoretical results derived here

should be confirmed (or corrected) by experimiental work such as

that with a mechanical oscillator of the PMM type and also by full

scale trials so that the scale effect can also be established. Apart

from the configuration of the side hulls, which can no doubt be per-
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fected by the naval architect, the "hull form" of the air cushion appears
to play an important part in the performance of the ACV. It is com-
monly assumed for want of more precise knowledge that the pressure is

uniform within the cushion. It is obvious that this cannot to so unless
the flexible extensions are also immersed in the water in the same
manner as the side hulls. There seems to be some evidence to show
that the pressure is reduced to atmospheric at the front and rear
boundaries of the cushion where there is leakage of air. This renders
the mathematical work slightly easier and enables practical results

to be obtained. This also gives the ACV cushion a "hull form" with
an acceptable deadrise and flare which may be considered by the

naval architect as very suitable for fast planing motions.

It is also necessary to point out that we have gone into some
detail to study the hydrodynamic (including hydrostatic) effects on

the motions of the ACV. It is assumed for this purpose that the aero-
dynamic effects are known including, in particular, the stiffness and
damping of the peripheral -jet or plenum type of cushion. It may be
thought that such effects as that due to "wave pumping" should have
been taken into account, but this is purely a pneumatic effect as the

compression (or rarefaction) of the air cushion is due to the form
of the progressive wave underneath it and not due to the pressure of

the disturbed water and as such has not been treated here. No doubt

this important aspect will have to be taken into account along with

other aerodynamic effects in arriving at an overall picture of the .

motions of the ACV in a seaway.

The higher order expressions for the forces and moment deri-

ved in this study are extremely complicated but their solution by nu-

merical methods with the aid of present-day high speed digital com-
puters need not present any serious problems. The finite element
method (FEM) which is receiving increasing attention in recent years
may prove to be valuable and powerful tool for the solution of pro-
blems of this nature.
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APPENDIX I

DISTRIBUTION OF SURFACE PRESSURE DURING OSCILLATIONS

Let the pressure distribution on the IFS due to the air cushion
be of the basic form

Ps
= (x.y)

during "static hovering", i.e. at zero speed ahead. This distribu-
tion determines the basic "hull form" of the air cushion. We may
assume that the same distribution prevails even during steady trans-
lation. The motion of the side hulls through the water will generate
an induced wave, but this will only cause a pressure variation in the

interior of the fluid leaving conditions on the surface unaltered. This
will also be true of the incident waves whose surface pressure is

equal to that of the atmosphere, but the action of the waves in altering

the cushion pressure due to "wave pumping" should be taken into

account. This requires separate treatment. In other words, the sur-
face pressure distribution is dictated only by the motion and oscilla-

tions of the air cushion and will remain of the basic form if the rela-

tive vertical and angular positions of the air gap at the bow and stern

are the same as those when the ACV is stationary.

We are, however, allowing for oscillatory displacements in

surge, heave and pitch during uniform translation. The surge displa-

cements will not directly affect the pressure distribution, but the

displacements in pitch and heave will certainly cause a variation of

the design "daylight clearance" along the bow and stern sections of the

air cushion and a different distribution of pressure on the water surfa-

ce will result. The situation is fully discussed in Appendix II of Refe-
rence 1 where the result for the revised pressure distribution is deri-

ved in the form

p^ (x,y) = p^ (x,y) + [x + h^9+o(^)]
dP^Cx, y)

^£. (x- ,y' )

+ z
dx'

+

x'r X

{e'

\[X + h^9 + {d )?[
2

d V,

dx

(x,y)

ax

di

+ d

l(x',y')

ax'
+ .

.

X:X

g^f, (x'.y')
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+ z

<3 f2(x'.y')

+ (^^,z^) + (x + \i^Q\

where h is the height of the C. G. above the undisturbed water sur-
face and f and f are the pitch and heave stiffness functions of the

air cushion.

It will be seen from (2-2) that the basic hull form is assumed
to be of 0(/3). The pitch and heave stiffness functions are therefore
also of 0(/3) and we may write

/3Pq (x, y) for p^ (x, y)

^fj (x- ,y' ) for f^ (x' ,y' )

and

n^ (x' ,y' ) for f^ (x- ,y'
)

we may also substitute from (2-3)

i<rt /_
'^ =^^100 -"^^oio + ^^^110 " ^^-"^ (^001 '^^loi-'^^oii^

"

+ (
5^/3^,5 /3 a, a^)

with similar expansions for z and Q and derive finally

p^(x,y)=^p^(x,y)+^'FQ^QP^ +^^^100^0 ^
^""'''

^001^0 +XX X

+5^ae'^* (^100^001 + ^001^100 + ^OlPo ^^OOl^lOoPo ^^

^^"^ (^010^001+ ^001^010 ^^OllPo+^OlO^OOlPo ^+
X XX

^^'^^ (^100^010 ^^010^100 ^^iioPo ^^lOO^OloPo ^
+

+ 5^)3(7 s +— r ^ p ) +^ 100 100 2 lOO^o ^

XX
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+ 0(6^, 5^/3, 80^ a 8^a,o?') (l-l)

2 2 2
It may be as well to point out that the terms of 0( 5 ^,88 /3 a

]

are slightly in deficit due to the forcible linearization implied in

writing

X - x' = X + h_ + (0^)

where the [6 ) terms cannot be explicitly written down.

We have written above

r :=: X + h. a
klm — klm G ^klm

for the coupled displacement parameter and

klm = 1 , klm 2 , klm
x' x'

for the coupled stiffness function.

It will be seen that the pitch and heave stiffness functions

enter only in the higher order terms. Also, if the cushion is truly

uniform in the longitudinal direction such that

p = , p =0
o o
X XX

the variation of pressure distribution due to the oscillations is of

a very high order.
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APPENDIX II

PRESSURE FORCES AND MOMENTS ON THE CUSHION HULL

The force due to the action of the surface pressure on the

cushion hull is form (5-1)

//
'. '"Fp = - / / p 'n d S

S A
where S is the instantaneous position of the IFS and n is the unit

normal drawn out of the water surface and into the lower boundary
of the cushion.

The equation of the IFS is given by

f(x,y) - z =

so that the outward drawn normal is

A ^x i + ^y i - k

[77^^7T7p72

and

dS=-[l+ fx^ + 9]'/' dxdy

where the negative sign has been used on the right-hand side since

dS is an element of the cushion hull positive on the upper side of the

free surface, whereas in our co-ordinate system the element of area
dxdy is positive along the z-direction which is vertically downwards.

We therefore have

A , ^ A A^
n dS = -( r^i + r J - k) dxdy

and f is given on the IFS by Bernoulli's equation (1-8) with w =

P„ (x, y;t)

'--,bt-^\'i^^^^']
+ -^

pg

where the potential has the value on z = T, i. e. with the argument
(x, y, f ) but may be continued analytically from the surface to the
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plane z = in the form

<|>(x,y, r;t) = <i>(x, y, 0;t) + f H.
Sz z=o

Since T may be assumed to be of the same order as ^ , we may
retain only the first term in the above expansion and write

r =
1 1 / x2

t
" ^"^x^ 2 ^^*^ +

Z = o

Pg (x.y;t)

We therefore have

ii Ps'fx^ ^ fy^ k ) dxdy

and substituting for the derivations of f

1

F =
P

— (4> ^ - V$ + V$. V$ + P
g Xt XX X P s^

)i +

g ' yt xy ^* ^ y P s^ ) J
- k dxdy

where the potential has now the argument (x, y, O) and the integration

has thus been reduced to Sq which is the instantaneous position

of the part of the plane z = contained within the vertical projection

of the hemline of the skirts at the bow and the stern and between the

inner surfaces of the side hulls.

The components of the pressure force are therefore

and

X Ps <*x^

So '

VcJ> + V*. V^ + P ) dxdyXX X P s
X

^
I / P (* , - V* + V* . V4> + -;r P ) dxdy

gJJ s yt xy y P s

^o

//
p dxdy (II. 1)
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From the symmetry of the motion with displacements in the

longitudinal plane it nnay be concluded that the lateral force Y
is zero. This could in fact, be established as follows :

C

Since

//"= ^Yp = / / P. -:^ dxdy

So
and p may be assumed to be an even function of y as indeed p

% , V . o
no doubt is, as nnay be seen from (I. 1) and s is also an even func-

tion of y (i. e. df/dy an odd function), there are surface element
pairs on oppposite sides of the longitudinal axis where the integrand

is of equal but opposite sign. The surface integral therefore vanishes

on account of the symmetry of the domain of integration about the

longitudinal axis.

We are therefore left only with the longitudinal force and
the vertical force.

We may substitute for cj> from (2. 3) and for p from (I. l)

^^ ^^1000+^*0100 +^^*iioo + ^^•^'''^^"^loio +

+ ^«*0110 "^ ^'^OOOl + ^^^1001 "^ ^^*0101

and

p = ^p + /3^r p + 6/3r p + ^"e^'^^r p +
^s ^o ^ 010 ^o ^ 100 ^o 001 ^oXX X

+ Bpcxe (r s +r s +r p+r r P )
^ 100 001 001 100 lOro 100*^001^0 '

X XX

qZ icrt ,- - - - -
.

+ P oc e (r s +r s +r p +r r p )^010 001 001 010 Oll^o 010 OOl^o ^

X XX

2 -
+5p(r s +r s +r p +r r p)

^ 100 010 010 100 llO^o 100 OlO^o ^

X X

+ ^^^ ^^100^100 +^^ioo\ ^

XX

The integrals in (II. l) are to be taken over the instantaneous position
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S and if this domain is subdivided into
o

s =T + s'
o o o

where Sq is the equilibrium configuration and Sq is the oscillating

strip, it is shown in Appendix V that an integral of the form

//
f (x, y) dxdy

So
is equivalent to an integral over the known steady surface

|[ f (x, y) + (x + h^e) ^^-|^j dxdy

Substituting for 4> and p in (II. l) and nnaking the above correction

for the domain of integration we derive finally after sinnplification

the following results.

Longitudinal Force.

C ® •'•'§- XX
^o

X XX I XX

^o ^ 1000 ^0100 ^*1000 ^0100 '

X X

-^'^oio^Voio'(^Po *iooo +Po*iooo >-
X XX XXX

- V (x + h 6 ) (2p ^ + p 4> ) ( +^100 G 100^^ ^o 0100 ^0*0100 '}
X XX XXX I

2 (

) *^o 1000 *I000
V X

- V (x + h d ) (2p * + p <I> )) +^100 G 100^ ^^o nOOO ^o 1000 '}
X XX XXX 1

\ X XX
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-^'^ooi^Vooi"2Po *1000 ^Po*1000 'j
X XX XXX I

. »^a M^^ (i.*^,,^ .V*^,^„ ) .

I X XX

) +

+ '^ooi^Vooi) -IT (P^ P^ "^ P^ ^
"poo o

XX X

-^(2Po *oioo ^Po*oioo ' ' '
X XX XXX ]1

\ X XX j

+ 53.e'"' jp„(i^*,001 -^*1001 ' "

( X XX

X X

+ <^100 + ''G^00' [ 'Po '"'*0001 - ''*0001 '

*

L X X

+ D (itr* - V<|> ) \ +Pq ^^"^0001 0001 '
iXX XXX J )

XX

+ P € e
^ ^0101 0101 '

X XX

i 0- t (

^

I

Po

+ Po ( ^*oioo • ^*oooi + ^*oioo • ^'^OOOl^
+

X X

2p (icrd) - V4> ) +Pq ^ *0001 ^0001 '

X X XX

+ Po ^^'^^OOOl - ^^0001
XX

1^^001

+ Po ^^'^^oooi -^*oooi ^

+ fx + h ^^ ^''OIO G 010)

^^<^ee'''^'*{u...^^^e^^^) 2d (io-d) - V<i> )Pq ^0001 0001 ^

X XX

{II. 2)

1!
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Lateral Force

Yp =

C

Vertical Force

//
dxdy ^Po ' ^'^ '^100 ' »G^00> P<

^2" (^OlO+Voio'Po

2 /-
^^^ rioo^oio + ^oio^oo + ^^iioPo ^^^loo^oioPo r«\y

+ 5 /3 (r s + r p )
^ 100 100 2 100 ^o ^

XX

^ ^"" (^001 Po ^

X

+ 8Bae ir s + r s^
\ 100 001 001 1 00 + ^^OlPo ^^^lOO^lOoPo

XX. J

>2 iat
+ P ate (r s +r s +2r p +

^ 010 001 001 010 Oil ^n

^ '^010^001 Po ^
(n. 3)

It is of course understood that the real part of the complex
quantities on the right-hand side are to be taken, although the symbol
"Re" , has not been explicitly indicated. But, in view of the possible
confusion in the case of ternns with e *as a factor, the following

convention may be established. The factor e"'^^ occurs both with

respect to the displacements which are assumed to be sinnple harmonic
(and of the same frequency as the wave) and with respect to the wave
potential which is also simple harnnonic. As the displacements and
the potentials could be complex, the real part of these quantities

multiplied by e '"^^ is to be taken. In the case of terms containing
,2i<r t as a factor, the correct procedure would be to assign a factor

of e"''^ to the displacement and take the real part, assign another
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factor of e '*''* to the terms containing the potential and again take

the real part. The two real parts are then multiplied together. This

procedure is implicitly understood when a factor of e '"^ is indi-

cated by an asterisk.

It will be seen that the cushion stiffness terms denoted by

the parameter Sj^j^j^enters in the higher order vertical force of

0( b^ ^,80^,8^a, fi^a) although the longitudinal force of these orders

is free from- this effect. In actual fact, the effect of stiffness is

contained in the longitudinal force of O{80ae, /3 a8) although these

forces have not been written down.

Also, it may appear a little surprising that the dynamic

pressure of the water obtained from the potential 4> does not enter

in the expression for the vertical force at all, whereas the horizon-

tal force contains the potential in all orders. This is due to the

approximation contained in our expression

n dS = - ( r 1 + r t - ^) dxdy
X y

which is valid only for an infinitesimal slope of the water surface in

the X- and y-directions . It appears, therefore, that the actual

shape of the IFS determined by ^ is irrelevant as far as the vertical

force is concerned so long as the slope is very small. The situation

is therefore much the same as over wavy ground as the hydrodynamic

properties of the water surface do not seem to matter for small slo-

pes. On the other hand, in the case of the horizontal force, which is

proportional to the actual slope, however small, the dynamic pressure

determined by the motion of the water is very relevant. This also

applies to the moment as will be seen presently.

Turning now to the moment due to the action of the surface

pressure on the cushion hull

//Mp = - / / p^ (r X S ) dS

S

and since the position vector with respect to o' of an element dS

of the IFS at P (see sketch) may be written
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where

7^ = (Xp - x^) ^ MYp - y„ ) ? + (^p - ^,,) ^

X ' = x_, - z' = X + h sin ^
o G Cj G

z ' = z„. - z ,, COS ^ = z - h (1 - cos^)
o "C " G'

"'" ' " G

and if (x, y, T) are the co-ordinates of P

r' = (x - X - h sin^) i + y j + f - i + h^ (1 - cose) ^

and therefore

M, =//'. t

/
-

\ A A
(x - X - h sine) 1 + y J

Tr- z + h^ (1 - cose)
A h A <^1 , ,

(- 1 + S 1 - k dxdy
X y J

where the cross denotes the vector product

i. e. M^

)x - X - h sine+ r - z + h (1 - cose) f^

|(x - X - h^sine) r -y ^x( ^ ^"^"^^

',
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we may now linearize this by setting

2
sin^ =0 and cos ^ = 1 + 0(0 )

bearing in mind that p is of 0(/3), f is of 0(5, /3) and 6^ is of

0(5^,6/3 ,/3^,6a ,/3a,a2) . The linearization will certainly be valid for the

moments of-<the order we are considering and therefore

Mp =
// Pj

I

-
^ y + (

!- i) f^
J
V +

^
X - i - h^9 + ( f - z)f ^ ^ t

+ |(x - X - \i^d) h -Y ^\ k dxdy

As the motion is confined to the longitudinal plane we may conclude

as before that for this synametrical motion p , f and tx are even
functions of y whilst f„ is an odd function so that the integrals of

all the terms containing f may be set equal to zero and for the

same reason

//
p y dxdy =

and ^o

p f y dx dy =

//
The i and k integrals therefore vanish and we are left only with the

j component or the pitching moment

//'.[
^o

dxdy

This result is obvious as there cannot be a rolling moment or yawing
moment in synnmetrical motion in the longitudinal plane normal to the

crests of the waves.

Substituting for Pgand for T in terms of 4> and carrying

out the correction implied in replacing S by S^ as before, the

final result is :
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M,

.-If
dxdy ^xp^ + 2a0 (Xioo + h^«j^^)xp^

+ 2'5 (-010 " '^G^IO' ''Po
X

^^^'
I

"(^100^010 + ^010^00 -^ '^11 qPo

V
"^

2 ^o ^^1000 *0100 "^ *1000 *0100 '

V

pg

V

—-p(p4' +p<i> ) p z p
2 ^o ^^o 1000 ^o 1000 ' PR ^o 100 ^

H p(z $ +z * )

s % ^ 100 ^0100 010 ^1000 '

+ 8 T (^100^00H ^100 Pp
)

( XX

1

- 2

^100 Pq

P^^^innn 4>, ^o. ^-T-P^^inn^i2 ^o^lOOO ^1000 g o 100 *^1000
g X XX XX

iat
+ 23ae (-001+V00l'='P<

+ 8Bae <x(r s + r s + 2r p^ W 100 001 001 100 loro

+ ^^100^00lPo )
- ^^lOO^OOlPp "'-T Pp ^001*^10 00

/o 2 iat I
,-

P oc Q / x(r s(^010 001
+ r s + 2r p

001 010 Oil o

• '^010^001 Po ^
- ""OIO^OOI Po

XX X
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g ^o 001 '^^^^o 0100 '

XX I

itret ) V
[^(i-4>0

001 ^0001 ^1000
X XX X

^ ^0001 ^000

1

p z (io-c|> - V4>
g ^o 100 ^0001

X

1 ' *1000 1
X XX

0001 'i
XX J

+ e e
icre t S V

2 ^o
r

^ 0001 0001 ' ^0100
X

1 -
/•p z (icd) - Vd) )

g % 010 ^ ^0001 0001 '

X XX

p (io'4> - V<|) )

^o ^ 0001 0001 '

^^'^^OOOl -^*oooi ^*0100

Pg

+ p (icr4> - V$ )

^o ^ 0001 0001 '

„ Ziaet* ) 1 -
,+ paie < p z (itrd) - V*

I g ^o 001 ^ *0001 0001

(11.4)

» * *
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APPENDIX III

PRESSURE FORCES AND MOMENTS ON THE SIDE HULLS

The force on the ACV due to the action of the pressure of

the fluid on the immersed side hulls is from (5. l)

^P„// ftdS

s^ + s^

where the pressure of the water particles on and below the surface

of the fluid on either side of each hull is given by Bernoulli's equa-
tion (1- 8) with o) =

p(x,y, z;t) = - p 4>^ - V4>_ +-^ ( V* ) - gz|
X 2

The pressure is therefore given in the nnoving (x,y, z)-sys-

tem , but the domain of integration, namely, the instantaneous posi-

tion of the wetted surfaces of the moving and oscillating hulls is

however, given in the body-fixed (x',y',z') system by the hull func-

tions (4-9) below the free surface z = f .

This difficulty did not arise in the case of the cushion hull

since the domain of integration in that case was that part of the

plane z = lying within the instantaneous boundary of the cushion.

The unit normal into the hulls is discussed in section (IV. 3)

and we nnay write

A /A A A \

n dS = (H 1 + H J + H k ) dxdz
X y z

A Jd\ h\ NaT
- J +%¥7' "=*--d^ sinojk

J

This applies to the hull surface S. , .In the case of the other hull

surfaces the above expression has to be modified slightly. The scheme
is set out below.

dx'dz'

184



L-ineavized Potential Flow Theory for ACVs in a Seaway

Hull Surfa



Murthy

longitudinal planes of the hulls are to be taken in their instantaneous

position when evaluating the surface integral for the pressure force.

The pressure of water inay be assumed to be an even function

of y and therefore of y'

= Pc

o+ o-

and

= Pc

o- o+

and in integrating over S. and S we nmay combine the integrals

over

and
o+ o-

=1 ^ ^2 ^O- 0+

where the hull functions are the same for each group. The j -compo-
nent is however, of a different sign in each group and therefore the

lateral force vanishes.

We thus have

X,

H
sd

dx'dz'

=

H

H
= -K

. S^l ^"^2
+ p -g— )cOSe
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•(
h\

+ p
h\

sin0 dx'dz' (III. 1)

where we have combined all the four sides of the two longitudinal

planes whose immersed parts are geometrically similar, except that

the profile of the disturbed water surface will be dissimilar on the

inner and outer sides of each plane. This wave elevation, however,
introduces a very high order correction, as will be seen presently, and for

our present purposes we may indeed consider that all the four sides

are equivalent. The integration is now over one side of a longitudinal

plane, but the different pressures on the two sides are to be taken

into account.

We will now have to express the pressure on both sides of

the longitudinal plane of a hull in the (x',y', z') system. The pressure
is given in the (x, y, z) system in terms of the potential in the form

p (x, y, z;t) = - p *. - V*. +^(V«i>) - gz
t X 2

and inserting the expansion for cf>

1000 ^^0100 '^1100 \ 1010

^ ^0110 *^oooi *iooi oioy

we have

X X ^ X

- ^*iooo • ^*oioo) ^
• -y^^^oioo • ^*0100

. i<T t , >

A"= ^"^^1010 1010 '

X

^
^ ^0110 Olio ^

X

cpe (i<T^ - V(|) ) -
^ 0001 ^0001 '
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X

where the argument to be used for the potentials is (x, b+, z) and

(x,b-, z) for p+ and p~ respectively.

To obtain the pressure in the (x',y', z') system we may
expand the potentials in the form of a Taylor series. In view of the

singularity of the potential at y' = b , separate expansions will have

to be used for the two sides.

Thus, in the case of S

o+

*+iooo (''•y-^) =*iooo
(-'•"+•-) + (--')*,ooo ,

(-'t+--')

x'

+ (y-b)^iooo (^''^+'^')
y'

+ (z-z')4»iooo (^''^+'=^')

z'

where

X - x- = X + (z- + h^) 5 = ar^QQ +/3rQjQ + "^'""^Ol

y _ b = y' - b = 5h^ (x'.z')

and

z - 2- = z -x-e = 5r' , + ^r- ,^ + ae
iat

r'
100 "^ 010 001

but the normal derivative 1000 y' i. e. the velocity across the plane

may be considered equal to zero, so that
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X x'

+ 5/3oV (r * + r' * ) +^^ ^010 1000 . .010 1000 . /
x'x"

iat
^ ^ 001 1000 . .

001 1000
X'X-

when 0( 5^ ) is neglected.

The expansion on the inner side i. e. on S- will be
identical but the argument of the potential will now be (x', b-, z').

Similar expansions can be written down for the other terms
in (III. 2) giving finally

p(x.y.z;t)=J.V*^^Pj, /^"^lOO
x' x'

B p} V (r ^ +r'^ \

V'<|> . y'<|,

2 0100 0100

+ 88p /Vl r * + r' *'^^^ '^^'^ '000
, ,010 1000 ,

x'x' x'z

I r *
\ 010 K

)100^0100
,

,

100*0100
,

,
1100

x'x' x'z' x"

^^1000 • ^*oioo[

\ ha^'^ p)v(t *,^^^ +!•'„*
'^I

\^
001 1""'^ -^"^000 ,

,
OOKIOOO ,

,x'x' x'z'

'i°^V)-^^^oio}

o i^t ( /

I
VOOI 0100 , ,

\ ^ x'x'

+ r' 4>
001 0100

,
,x'z'
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0110^,1 *0110> "^^ *0001 ^0001 /

+ r' [ia* - V* 1

100 \ *0001
, 0001 , ,1

+ i(T<j> - v<l>, „^ + V'* . v'<i>
1001 1001 , 1000 0001

x'

i(rt (

^1^010
/3.e P^.,n(i-4'oooi " ^*0001 ^

x' x'x'

010 ^ 0001 ,
*0001

, /
z' x'z'

+ io-4> - V<I)
0101 0101 ^, "-^'^oioo- v'^oooij

p<^ooi r'^^oooi ,

" ^*oooi
, j

I

^ x' x'x''

'ooi v'^'^oooi ,

" ^***0001
. )(

z' x'z^)

2
- aee

+ r

+ pg { z + z'cos e - x'sine - h (1 - cos^)) (III. 3)

The argument of the potentials in the above expression is

(x',b+,z') for p+ and (x',b-,z') for p . The corresponding
potentials may then be denoted by ^^ and <$>

~

We may now substitute for p and p~ in (III. l), but before
doing so we will reduce the domain of integration from the unknown
region S^ to a known region with a correction term,

'o

We may write
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= S. + S! + S'

where S
is the equilibrium position below the load water plane

z' = which is known from design considerations, S^ ' is the strip
'o

,,between z' = and the undisturbed water surface z = and S,
'o

is the additional strip between z = and the actual free surface

z =f .

Let us first consider the contribution of the last term in

(III. 3) which represents the hydrostatic pressure of the water to the

horizontal and vertical forces given by (III. l). This pressure is the

same on both sides of the longitudinal plane so that we may combine
h. and h , and considering first the horizontal force

-25pg//z+z' coS( x' sine - h (1

^o^\
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and along the lower boundary

h (x',z') =

as the hull may be as sunned to have a pointed keel. The line integrals

along C are therefore both zero and the surface integrals cancel

with each other so that the net result is zero.

Now, on the strip S',' the integral may be written
o

2 6 P g / dx' / z /-^, CO se + -T—. sin^ dz'

z=o
and expanding the integral about its value when z' = the inner

integral becomes

az

/
ZzO

a

^h « ,

Sh
< COS0+ ^r—

,

sin^
dx' dz'

dz'

z'ro
and since

"^^ = COS0 = 1 + 0(/)
dz'

the integral becomes

cos 6 + ^i;:—i SI
d z' -] [^ A z= r

z'ro z-o

on linearizing with respect to 6 and noting that

2 2 2
z' = z + o(r) .

JL 111
2 ax'

The surface integral over S'^' therefore becomes

- 5pg / ax'
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icrt
and writing f = ^^100+^^010+'^ rOOl''

the result is

2 p ge'•'/{ 8^e f
100 GO 1 010 010^ ax'

dx'

the integration being along the load waterline L i. e. along the

x' axis. The contribution is therefore of a much higher order.

Similarly the contribution of the hydrostatic pressure to the

vertical force nnay be evaluated. In this case,

26pg// |z + z'cosS - x'sin^ - h (l-cos0) cos d -

o 'o /•

cos 9 (h^ h(=- 2(5pg cos9 (p h(x'z')

C

+ 26pg c

z + z'cos ^ - x' sin i

h(x', z') dx'dz'

——; sin0 dx
^x' J

- h (1-COS0) dx'

'^ O O

+ 26p gsin^T^ h(x', z') z + z'cos0 - x'sin0- h (l -cos 0) dz'

+ 26pgsi

s+s
'o 'o

h(x',z') dx'dz'

As before, the line integrals are each zero and the surface integrals
combine together to give

I2S p g /( h(x', z') dx'dz'

V+^1o 'O

which is simply the displacement of the two hulls below z = . We
may write the above integral in the form

2 5p
jj

^^''''^'

//
'1o

) dx'dz' + 25pg// h(x',z') dx'dz'

5,'
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The first integral is the known force due to the displacement below
the load waterline i. e. rn^g • The second integral will however,
have to be evaluated. This is discussed below.

As regards the strip Sy , the integral becomes by expand-

ing the integrand about z' = and carrying out the integration as

before

-Zpge'^^j (5^fl00• foOl
" ^^^^010 f OOl)

^^ dx-

L

We will now evaluate the correction for the hydrodynamic
pressure terms when substituted in (III. l). We will replace the

integration over S^ by that on the known surface Si together

with a correction denoting the integral over S\ . The evaluation of

the integral over S^' will be unnecessary as this raises the order

by 5e or /3e

The integrals are all of the form

or
^1o

f(x',z') ^^, dx'dz'
O X

f (x'.z') -|^ dx'dz'

Now,
z'ro

// f(x'z')-|—
,

dx'dz' = / dx' / f(x',z')

5'

'o

^h
dz'

and when z =

- - 2
z' = x'5 - z + 0{x d , d )

so that in view of the smallness of the range of integration, we may
replace the integrand by its value when z' = giving

/(z -x'^) ff (x',z')-||,
]

dx'
zzo
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which becomes an integration by parts

h (x', z') (z - x' 0) f (x', z')

stem

stem
stern

h(x',0)-
^x-

stern

(z - x'e) f (x', z')

2'zo'

dx'

The first term vanishes at both ends on the waterline, and the second
integral is taken along the +ives x' direction so that this term becomes

/

Stern

Stem
h(x',0)

ax'
(z - x' ^) f (x' .^)] dx'

To this integral may be added the integral of zero value along the keel

from the stern back to the stem as h(x', z') is zero everywhere
along this line giving

/h(x..z.)-|^ (z - x' ^) f (x' .z')J dx'

which is taken around the boundary of S.

This may be transformed by Stokes' theorem into

fe-b [(-x..)f(x....)] dx'dz' +

(z - x' 0) f (x'z') dx'dz'

The second surface integral may be written

// ['
M.',.'i-»- rtt-.'.i-ii,

/ h(x', z') (z - x' 6)
az'

fe (z - x'^ )

af
az'

dx'dz'

dz'

dx'dz'
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The line integral is obviously zero, since

h (x', z') = for z' :^

and we may combine the second surface integral with the first giving

the result

//„. 'z')-— dx'dz'
dx' * ax-

(z-x'^)f(x'
•-']-l^<^--)f]

(z-x'e)-^i-,
I

dx'dz'
^2

1o

fH)-[ll.-l^-l^.lf.]-l^^(--)] dx'dz'

In the case of f(x', z')
ah
az'

dx'dz'

the integral may be written
z'ro

/.. /
ah

f(x'.z') -^— dz'
az'

which can be approximated as before to

ah

1. e.

/

/

f(x', z')
az' J

dx'

i-o

i (x'.o) -^-^
az'

dx'

It does not seem easily possible to convert this into a surfa-

ce integral for merging with the main integral over S. as has just

been done in the previous case.

Substituting for p+ and p~ in terms of the potentials and
reducing the integration to the known surface S^ after correcting
for the strips S', and S'^' we have the following results for the

longitudinal force and the vertical force.

It is assumed here that the potentials 4>iqqq and 4> ,q,q

will be continuous across the longitudinal planes for these are the

potentials of the side hulls in the absence of the air cushion. The
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wave potential <i> oooi a-i^d the hydrostatic pressure will, of course,

be the same on both sides. The hull functions h^ and h2 have

therefore been combined in these cases to give the total width h .

In the case of the potentials involving the cushion pressure namely,

^0100 and ^0101 , the two sides are considered separately.

The final result is

H //
-"-' p^*iooo ('^''^'^'^

a

ah

1.

f x' x'

Z b oc e p V< X
ah

+ z.
ah

001 ax' 001 az'

i-, r- ^h
,

ah >)

-^^ooi^^^^G-a^- -" -ar- ^ *iooo
.

/ x'x'

+ (^*ioio
,
-'"*ioio) a

ah

- 2 dpae p V/x
001 ax' ^001 ^z'

h\
"%oi(^'"^G ax

- x. 4^ Vaz' i^oioo

^ 0110 . 0110^ ax'

^\ h\
+ ^^001 "5^ + ^001 ~5

^\
\-e (z'+h -3—
oor G^

a^
4>

0100

x'
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piOO ax' ^100 ^z'

^
)} (-*oooi^, - ^*oooi^,J

^2 icrt
+ 25 € e P

, a h S h
+ ^ «^ (z' + h^ -^, - x' -3—

100 ^ G ^x' dz

(^''^lOOl
V4>, ^„, + V*

x'
1001 .

""1000 * v*ooo 1^ ax'

ah
^ ^00 ^*iooo • ^*^0001 az'_

iff t
+ 26/36 6 p

_aj^ - a_h

^010 ax' ^ ^010 "az'

ah ^, a

^%io(^'^^Gi7' -" 1^' )! (--0001. - nooi .^)

(^^*oioi -
'''^oioi^, ^ ""^oioo ^'*oooi) -^"^

/ - - ^
- ^ \ ^^

U^'^OlOl " ^*0101
.
^v*oioo ^*000li "^x'

\ x' '

ah"

^010 1000 0001 az'

+ 2
2icrt*r(- ^h

^"'^ pK^ooi -alT'

_ah
^ ^001 az- "^

, ,
- ^h

,
ah

^^ooil^^^G -aiT'
-" ^'

I'^^^oooi ,

- ""^OOOl
,

,

x' x'x'

dx'dz'
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2 5 /3epg

L

/ ^0^

^^ '''g
/ f 100 ^001 T^'
L

ah
^001 ^x'

dx'

dx'

H
25pgh(x'.z')-26 'P V^^QQQ 1^

x'

'o
/

^h a^2 \

-^^^^^Kioo
,

al^ "*oioo
,

a;^j
\ x' x' ^

^h^001+^G%01^*1000 . .

^ _ 2 i<Tt -

- 2 5 « e P

^(^001 -"'%01^*1000
. ,

1+^*1010
,

x'z' / X

-^•^^loioj ^' -^%oi*iooo^, "a^J

^ io't
-25 3ae p ^^^001-^^' + ^G%0l)*01 00

+ (^001 -"'%01^ ^0100
,
^^^0100

.

1 (T*.
+

0100

3^
- ve^^, $,

^^
Bz' " 001 *0100

, ^x'
x'

HM^ Soi^^'^^g\oi'*oi 00

+ (^ooi-'='%oi>*oioo , .r^ioo

'\<J^
0100

^^2
, ^- S^2

az' 001 0100 , ^x'
.

(III. 4)
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x'

^ , 2 iat
+ 28 e e p

fr.
+ z' + h ) i <t4> -V* )

00 G 100^ ^ 0001 , 0001 ^

/

x' xx'

+ (^100 -"'%oo)(^"*oooi ,

- ^*0001
, }

+ ^^*1001 "^lOOl .
^ ^*1000 • ^-0001 > ^z'V*,

ah

100 ^ *oooi 0001 / a

^h

+ 26 Bee
icr t r

<''oio""'"'^g'oio'<'''*oooi .-''oooi ,,>
x' xx'

^(^oio-'^'^io^^^^^oooi
V4> )

z' x'z'

ah

+ (-*oioi - Kioi . '^>oioi • ^'^OOOl^ ^^

a ?

+ (i-'^OiOl - ^*0101
,

^ ^*o'l01
-^'^

OOOl) "^^
x'

ah
'

010 ^^0001 ^0001 / ax'

2i(rt*
+ 25 aee P

''=oooi^^'"'''g%oi

''"oooi ,-^*oooi
,

,'"'^001 -"''ooi'
x' x'x'

^^'^^OOOl .
-^^0001

ah
az'
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? (i(T<i> - V* )

^^
001 ^ 0001 ^0001 / ^ x'

x'

dx'dz'

+ line integrals which follow (III. 5)

Line integrals to be added to surface integrals for vertical force Z

I-^A^' ^g(^ioo-^'^oo^^(^''°^
L

+ 25^ Pg (Zqjq - x'^qjq) h (x'.o)

H

iat
+ 25a e pg (z^^^ - x'^^^^) h (x',o)

+ Zb'^ae"^ |pg (i^^^ - x'^^^^) h(x'.o)

- ^^(^001 -"'%oi^*iooo . -a
ah

iat
+ 2 6^ae p )g (z^^^ - x'^^^^) h (x'.o)

V(z - x'^ ) (*
^ 001 oor ^01 00

"s— + *
Oz' 0100

3*^2

X'

+ 25^€e"^^ n((z - x'^ ) (ia$ - V* )-|^
^Y 100 100^^ 0001 ^0001 / az'

^ 1 no f

ah
100 i 001 az'

lat

^y 010 010^ ^ 0001 0001 / a

ah )

ah
z'

" 8 f 010 f 001 az'

, o J 2i at ,-
, ^ X /. \ a h

+ 2da€e p(z„^ -x'0 )(icr* - Vci> ) ^

—

^^ 001 oor ^ *oooi ^0001 / az'
dx'

;iii. 6)
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We will now turn our attention to the moment on the ACV due

to the action of the pressure of the water particles on the hulls given

by (5.2)

M,
H
-// •Ax

p (r' X n) dS

^1-^^2

and as r' may be written in terms of the components along theAAA
1 , J , k axis.

r' = (x' cos + y' sin0) i + y' j + (z' cos0 - x' sin^) k

and

^dS 5 l3~77 cos^ + ^

—

- sin^l i + j + d
3x'

a'

we have

(r' X n) dS

\ sin^j k dx'dz'

•(-|^cos.-|iSi„.)t

sd

(z' cos^ - x' sin 5) ) i

(^ h -V h \

z.
_^_i

-X' Ai"!

{

+ /+(x'cose + z' sin^) - 5y'
/ah
Vax-

. ah
cos d + -r sinV] dx'dz'

the upper and lower signs referring to the hull surfaces S and
S_ with h replacing h. in the case of S-^ and S._

The integration is now performed on the outer sides of the

longitudinal planes of the hulls and combining S. , and Sp toge-

ther as before, the integration may be confined to S. with the

integrands added together.

The combined i-moment on the two hull surfaces is there-
fore

71 ""' (1^ "sB
^^

sin^J dx'dz'
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which vanishes as p , -^r

—

- and are even functions of y'

The k-component also vanishes and both components sinnilarly vanish

on the inner hull surfaces for the same reason.

M,

We are therefore left only with the pitching moment

„-"//[-* (-l^-*-) + p (z' -^;:—r - X
a:

dx'dz'

and using the expression for p"*" and p~ given in (III. 3) we derive
finally the following result for the pitching moment where the inte-

gration is reduced as before to S. incorporating the correction

terms where necessary. °

M,
. I-

25 Pg x' h(x', z')

'1,
o

2 5
^

p h*iooo^,(^'i^. --'i^ ) + g^oo^''^''^'-''}

- 2 5/3p; V
I

>h ^h

*0100
,

^^ ax' "^ ^^^
X

+ <t>

0100
--—

--'-&)}^''oio^''^(^'-^''l-

h
I

ax-

iaX
25a e

'^'S^qOI
^' ^^'^'' ^'^

0^2 icrt
- 25 a e P r Ko. ^^ + Vooi'*iooo

, ,

V x'x'

+ (^001 -"'^001^*1000

1010 .
^1010

,.._^A -x.-l^)
ax- az'
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+ gd^^^ z' h (x',z')

- 2 dp a e p V (^001^^'+^G%0l)*0100 .

+ ^^001 -^'%oi^*oioo
+ v*

+

Olio

- i<7-<j>

+ <v

,+

Olio c3 x' dz'

(x + z' + h ^ ) *
^ 001 G OOr 0100

^(^001 -^'' 001^*0100
,
.T'^oiio

x'z'l X';'z'J

-^'^^oiio (^ -^-^
3 2

''' -al^

'

+ e^ z' h(x^011 ^
.z')j

^^^-'"^(^^%ooi-^%ooi y^'^ --'-1^)
x'

+ 2 d € e p (x + z' + h ) li<T<i> - V<J> )^100 ^ ^ ^ ""g 100^ ^ *0001
,

^0001
, /

+ (z - x'^ ) (io-<I> - V4) )^100 100^ ^ 0001 ,
^0001

, /
z' x'z'

+ i-*1001
- ""^lOOl^, ^^'*1000 • ^'%00llP -al- - "'-|^]

(^oio'^'^ V010^^'^*0001 .-^^0001
. }

+ 25/3« 6^*^%

x'x"
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z x'z'
I

•z.^-^—. - x'
ax' az"

x'

ah ah

^ ax' az'^ ^ ^0101 ^0101
,X

ah ah

+ ^'*oioo- ^'%ooi^("' "a"^
-"' -a"^ ^

2io-t
+ Z oae e p <^ooi + ^' -^

'•g'ooi) <^''*0001
,

v*.
000 1 . .'+<^ooi -=''%oi)

(iff* - V4>^^^, )
dx'dz'

^ ^0001
,

^0001
, /z' x'z' J

+ line integrals which follow (III. 7)

Line integrals to be added to surface integrals for pitching moment
M,

H

/
.26 .g(ijgg-x.«jgg)x.h(x'.0)

-250 .g(£,,jg-x'0g,g)x'h(x..O)

-25a e^"' Pg (igpj -x'«ggj)x'h(x'.0)

.25 2.e^<"-'V(£^„^-x..^^,)*,„„„^-|^,

8(^101 -''^ol )"<'''•"'}"'
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\ t i + ^^ ^K
+ 2 5/3ae P<V(i -x'0 ) (^ -<—^+ <l>" -)^ ) ^ 001 OOr ^^0100

, Sz' 0100 , az'^
l x' x'

-8(^011 -'''%ll> ''<'''''"} ^'

('"oooi - ^001 ,' -ft]
=='

x' /

^250ee'^' pjgro,, Tool -|^. -(^010-^'%10)

(i(T4> - V4> )
—^ > x'

^ ^0001 ^0001 / ^ z'
j

-Zdaee''''^* P (z - k' 6 ) (ia^ - V* )-^ x'ld^ 001 OOr ^ 0001 *0001 / az'

(III. 8)

APPENDIX IV

RIGID BODY FORCES AND MOMENTS

The rigid body force due to the weight and inertia of the ACV
is from (5. 3)

f»Fr = /IK U - gk) dm

where U is the absolute velocity of an element of mass dm contain-

ed within the body V of the ACV.

It is easy to show that :

f ( U - gk ) dm = m ( U^ - gk
)

where m is the total mass of the ACV and U the absolute velocity

of its C. G.
^

U-, = ( V + i)^i + y j + zk
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and this reduces to

U^ - A •_• A
G = X 1 + z k

for the coplanar motion we are considering.

We therefore have

Fj^ = m [x ^ + ( 'z' - g ) k]

and substituting for the displacements, we derive for the components
of the rigid body force

""r = "^"' """'
(^001 + ^^101 +^^^011)

and (IV. 1)

As regards the moment, we have from (5.4)

M^ =jf/j? X ( U - g ) t dm
V ^

where the absolute velocity U at the point (x, y, z) of the body is

U = (V + i)^ + y^+zl
reducing to

^ = X ^1 + z 1

for coplanar motion and since

X = X + x' cos + (z' + h ) sin&

and

z = z + z' cos ^ - x' sin^ - h (1 - cos 6)G

we have

X = X + [(z' + h ) COSI9 - x' sin dl 6 - [x' cos &+ (z' + h„) sin (9] 6
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and

z = z - [x' COS0 + (z' + h ) sin^]^ + [x' sin^ - (z' + h ) cos 9 ']$'

Also, since

r^= (x' cose+ y' sin 5) i + y' j + (z* cos0 - x' sin^) ^

we derive after substitution and carrying out the vector product

+ z - [x' cos ^ + (z' + h ) sin^] d

+ [x' sine - (z' + h ) cos d] d >i

+ ^(z' cos - x' sine)[x + |(z' + h ) cos fl - x' sin0)} 6

-R=f[v

*»
\(z' COS - x' sine)[x + |(z' + h ) cos fl - x' sin0)> 6

( I -2
- <x' cos e + (z' + h ) sine }e ]

- (x' cose+ z' sine) [- g + z - <x' cos© + (z' + h ) sineje

+ |x' sine - (z' + h ) cose] 6 ]Jj^ ]>j

y' / X + [(z' + h ) cos e - x' sine] 6

+ [x' cose - (z* + h ) sine] SG

Now, we have the following results :

1'] dm

z' dm = m z'» ///

f
'I
/Tjf x- y' dm = 0,/// y' z'

(ii)

(iii)

(iv)

(z' + h^) dm =

x' dm = m x' =

y' dm = m y',^, =

since the z'-axis passes
through the C. G.

dm = t) due to the lateral sym-
metry
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and

(

2 2
(x' + z' ) dm = I

,
,

y y

where I -y' is the moment of inertia of the ACV in pitch about a late-

ral axis through o' .

When these results are used, the i and k integrals in the

above expression vanish (a result not unexpected) and after simplifi-

cation the final result for the pitching moment is

where

M„ = 10 - mh^
R G

1 = 1+ mh
y y G

(x cos d + (g - z) sin

is the moment of inertia of the ACV about a lateral axis through the

C. G.

i

This expression may be linearized for small values of Q

and introducing the perturbation expansions for x , z and B , the

final result is

M = - 5meh 6 - flmeh 6 - 6/3mgh 6

+ a e '^ ) rnh (o-x - g. 6 ) - <^ I 6
)
""'g ^ 001 ^ OOr 001

+ 8air^ |mh^
Y (x^oi - ^001 ^00^ - S^Ol]- ^^^^Olj

r' |mh^
]<.^

I G ^ Oil 001 010 ^011

icrt
- m^ mh^ . (iggj e^j^ + l^^^

9gj^
+ Jg^j «jg^)

x2 i<rt ^ ^2 -

- ^ " ^ mh^ - z^Q^ e^QQ

/32 i<rt
- P a e

"^^G ''^^Oll ^010
(IV. 2)
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We have taken the mass of the ACV to be m which may be split up

into

m = m + m

where m g is that part of the weight of the ACV which is supported

by the air cushion and m g the other part supported by the buoyancy

of the side hulls. As the cushion pressure is taken to be of 0( j8 )

and the cushion area may be considered to be of order zero it is clear

that m, is of 0( (3 )

1. e. m (^
1

where —o— is now of order zero. In a similar manner, the width

of the side hulls is taken to be of small order 8 and the length and

draught being of order zero, m is of 0( 5 )

i.e. m^ = 5 (__)

m
where again ^ is of order zero.

8

Also,

I = m k^

where k is the radius of gyration in pitch (of order zero), so that

""l 2
""2

2

where L and I are the moments of inertia of the partial masses
1 2

supported by the cushion and the side hulls respectively.

Assigning the correct orders of magnitude to m and I in (IV. l)

and (IV, 2) we derive the following results :
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XR

r m^
2 > 2 1

001
"^

^ /3 ^ '^^Ol "^

.2 ,""2. 2- 2 ,^1, 2-

( ""l 2- ""? 2-
. ^/^« (V-) - x^oi ^ (-X-) ^ -Oil

(IV. 3)

R
""2 ""l

•5 (-^) g - /3 (
L)

1 o" t s _, / 2 , 2- /3/l\ 2-
^ 5 -* 001

"^
^ /3 ^ '^ -^001

.2 /""^^ 2- ^2 ,"^1
, 2-

+ 6 a(-^) <^ z^^^ + ^ a(-^) . z^^^ +

im m ^O ^^101 ' (-/) ^ ^011
(IV. 4)

M 2 ."^2

R = " 5 (-^) gh^ e^QQ -

( ""I
""2

^^(-r^'lOO^^— ) ^010

2 ""Ir (-^) gh
G 010

gh.

2 1
55 ( —) gh

^
/3 ^ ^ G 110

m
iff '-r-)gh^''uo

m
^-/^^G^" ^001 -g^OOl^

+ 5ae
icrt 2. 2

001
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i at
+ pae

+ 8 /3ae

[0h^(a%Q^-g^QO^)-(-^) <^^^
001]*

r "1, /

'^ (''lOl - ^001 \e.^J
-

00

^2 2 ^2 2 1

2 iat .""2,
+ 5-«e^"^ (-T^^Gr^ ^^101 - ^OOlSoO^

gj
2. 2

loij -^f) '^^^ol ^

%ll!-0 ^'%11 (IV. 5)

APPENDIX V
DERIVATION OF INTEGRAL REPRESENTATION FOR VELOCITY

POTENTIAL
The boundary value problem for the harmonic function p

has been formulated in Section III. The classical method of dealing

with such problems is the application of Green's theorem in conjunc

tion with appropriate Green's functions giving the following integral

equation for 4> :

<|>(x.y,z;t) =^ GG {x,y,z;k,V J) -^

- 4>( ^, rj.r ;t)
ao
^n

an

dS (V. 1)
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where the Green's function G(x, y, z,^ , '?, ^ ) is a harmonic function

in the lower half- space z > , f > , except near the point

(x=^, Y = V , z=r) where it behaves like a unit source with a

singularity of the type l/r ,

2
,

1 .

i.e. V G ) =
^ r

with

[
(x - ^ )^ + (y - ^ )^ + (z - f )^

The surface integral and normal derivatives are taken with

respect to the dunnmy variables ( T, rj
, T ) which have the same

disposition as (x, y, z) . The integration is perfornned over an arbi-

trary closed surface ^ which completely surrounds the point

(x, y, z) at which the potential is to be determined and the derivatives

are evaluated in the direction of the nornaal out of ^ .

The potential <t> is assumed to be composed of potentials

of various orders (see (2.3)) :

4>(x, y, z;t) = 5 4>jQQQ (x, y, z) + /3 4>q^qq (x, y, z) + ^/3<|>^^^^ (x,y, z) +

. io" t ^ / \ o io't , / \

+ Oae ci>^^^^ (x, y, z) +^ae
*^oi 1

^''' "^' ^^ "*"

"^ '
^'''^^

*0001 ^""'"^'^^ ^ ^ee'^'e^ * QQ^
(x.y. z) +

+ /3ee'''e^<t>QjQj (x, y, z) (V. 2)

where

<l> „^„ is the potential due to the motion of the side hulls
1000 . ,

^
m calm water,

<|> is the potential due to the motion of the air cushion
over calna water,

<j> is the potential due to the interference between the

side hulls and the air cushion in calm water,
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4> and *p), ,^ are the potentials due to the forced
oscillation of the side hulls and the air cushion
respectively in calm water,

$ is the potential of the incident wave.

and *^inm ^^^ ^nim ^^^ ^^^ potentials denoting the interfe-

rence Detween the side hulls and the incident wave
(the diffracted wave) and between the air cushion
and the incident wave (the disturbed wave) respec-
tively.

We shall only derive the lower order potentials

*1000 ' *0100' *1010 ^"^ *^0110

in this study as these will be sufficient to evaluate the forces and
moment of low order. The method of derivation of the interference

potential <l> i lOO ^^^^ also be briefly indicated without actually

carrying out the solution.

The potential of the incident wave is readily written down.
The diffracted wave potential and that of the wave of disturbance
are only required in the higher order theory.

Boundary Conditions.

The boundary conditions satisfied by the potential are :

(i)
^^ * =

This applies to potentials of all orders.

(ii) On the EFS (z = 0) the condition (4. 6) is

2
4) - 2V<i> + V <I> - g<I> + 2V<I>.V (<J) - V4> ) +
tt xt XX ° z t X

+ (* - V* ) ^— (* - 2V4> + V ^ - g* ) =
g t X OZ tt xt XX " z

which reduces to the following conditions :

2
0(8 ) V cb - ed) =0^ ' 1000 ^nooo

XX z
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O(^) v*^^
00 8*0100 - °

2 2

^ ' 1010 1010 1010 ^1010
XX X z

2 2
0(/3a) V 4> - 2i(T Vd> - <r 4> - e* =^'^^ 0110 ^0110 0110 ^^0110

XX X z

"<'"'' ^'*1100 -8*1100 = 2^(^*1000 -v^oioo ^

0100 ^1000 ^

V ^ 2

1000 dz ^ ^0100
X XX

8*0100 '
^ *0

(V^ci,
1000

100 ^z
X

1000

(V.3)

It will be noted that the first four equations are homogeneous,
whereas the equation for the interference potential is an inhombge-
neous one.

If we denote by ^ the time -independent part of the oscilla-

tory potential <t> (i. e. without the factor e ^'^
) , the first four of

the above equations reduce to the form

2 2

XX X ^ ^ Z
(V.4)

In the case of the steady potentials a is, of course, set equal to zero,

(iii) On the IFS (z = O) the condition (4-7) is

2
4)_ - 2Vci) + V 4) - g4> + 2 V4>. V(<l> - V ^^ ) +
tt Xt XX ° z t X

1 ^s S 2
+ (4>^ - V* +—z- ) —^— (<J> - 2V$ + V $ - g* ) +

g t X P ^ ^Z Wt xt XX ^ z
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^^ -^ir>Ps-^*xPs ^*vPy s
X y

1 f)
+ V p -^ (<!> - V* ) =
pg s dz t X

X

The surface pressure distribution is given by (I. l) in the form

where

PoiO = Po^^'^)

and

PllO = ^100 Po ("'>^) = ('^lOO + ^G ^OO^Po ("'^^

Poll = ^001 Po ^""'^^ = (^001+^G ^OOl^Po ^^'^^

and the conditions satisfied by the various potentials are

0( 5
) V *

1000
XX

8<^1000 = °

2 V
^^ ' 0100 ^^0100 p Poio

XX z ^ X

2 2
0(6a) V $ ^ ^ - 2i<T V* - a * - gd> =

^ ^ 1010 nOlO 1010 ^^1010
XX X z

0(j3a) V 4) - 2i(rV4) _cr^*^ - g*^'^ ^ ^0110 0110 0110 ^^0110
XX X z

— (^Poii ''^Poii^
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°(^^)^^*1100 "^*1100 =2^(^*1000-^*0100 +^*oioo-^*iooo ^

g OlOC
X XX

1000 az ^ ^0100 ^0100 '

1
' 1 ^T^

g ' P "^010 0100

3- 'oo°xx-8iooo
z

V V
TTg" ^010 *1000 ^~P~ ^010^

X xz X

P ^*1000 ^010
X X

+ *iooo Poio ^ (^-^^

y y

The first four of the above equations may be written in the form

2 2 1-
- 2iaV>I' -<r^-g>I'z=—-(Vp -iap) (V. 6)V ^

where p is the time -independent part of p

(iv) On the side hulls the condition (4. 10) is

_a^

^7,

= 8

ah.

-1_ cos '— sin^ +(z' + h_)0+Vcos^> ^—

;

X z G I c3x'

!-^ sin( + COS0 - x' ^ + V sin^>^^—
z I dz'

2 ^^ 2 2 ^^ 2
-1/2
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which reduces to

0(5)
a*

1000

a n
= V

ahj

o(^)

0(6a
)

0(^a)

0(5/3)

a* 0100
a n

^4)
1010

= Condition does not apply.

1
ah.

an 001 ax'
+ (io-r* ^^ + V d ^^\

001 oor ^
a*

0110

an

a(j>
1100

= no condition

ah

an
= V 1

010 az'
(V.7)

These conditions relate to the outer hull surfaces. In the case of the

inner surfaces the hull function h should be replaced by h .

The first four conditions may be represented in the form

a^'
ah

(«^^^ooi^^) ^IT^

ah
+ a(i(rr' + ve^^J

001 oor az'
(V.8)

(v) Radiation and Boundedness Conditions.

We may assume that the potentials of all orders satisfy the

conditions

* —>-0 , i, e. >!' —>Q

and

aj^

av
'0 , i. e.

a'^

as z—> oo at the bottom of the ocean. We may also assume that the

potentials and their derivatives satisfy suitable radiation conditions

as
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2 2
X + y —^ oo

These conditions will be specifically stipulated in due course.

Singularity of the Potential:

It will be seen from (V, 3) and (V. 5) that the potentials

<I>^QQ- and
'i'^oiO relating to the steady motion and forced oscilla-

tion of the side hulls of an ACV in the full displacenaent mode (i. e.

without an air cushion) in calm water satisfy identical conditions
both on the EFS et IFS. However, they have to satisfy additional

boundary conditions on the hull surfaces given by (V. 7). On the other
hand, the potentials 4>Q^Qg and ^i'n-jiQ relating to the air cushion
of an amphibious ACV (without the side hulls) satisfy different condi-
tions on the EFS and on the IFS unless the basic pressure distribution

is truly uniform in the longitudinal direction such that

p =0 and p =0
o o
X XX

throughout the length of the cushion. However, this would imply a

discontinuity in the pressure at the boundary along the bow and the

stern where the pressure drops suddenly from the uniform cushion
pressure to the atmospheric. A discontinuity in the value of the

potential at the boundary is therefore to be expected.

It is also to be noted that the cushion potentials 'J* qiq^. and

<j)|^, do not have to meet any specific conditions on the hull surfaces
and that the interference potential 4>.._-. satisfies different boundary
conditions on the EFS and IFS and also a condition on the hull surface.

The Green's Function.

Let us now choose a Green's function G(x, y, z; ^.J? ,r) such
that

V^G = G +G +G = - 47r 5 (x - n «5(y-T7) ^(z-r)XX yy zz / \j <
/

where 5 is the Dirac delta -function. This ensures that G is a

harmonic function in z > with a singularity of the type — at

x=^ , y='7, z= r.

Let G also be such that
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2 2 - gGv = 0, on f =0 (V. 9)

It will be observed that this free surface condition we have stipulated

for G is the same as that satisfied by the potentials in (V. 4) with
the difference that V is replaced by -V so that the second term on
the left hand side is of a different sign. The reason for this will be
apparent presently.

We may also assume that

and

Lt G =

f >- C50

- It-
^ —* oo

A suitable radiation condition is also imposed on G for

large (^ + ^ )~2 ^'^^ fixed f in order to obtain a unique solution

of the problem.

The radiation conditions for <^ and G are fully discussed
in Appendix V of Reference 1.

The Domain of Integration.

We may subdivide the closed surface ^ into the following

separate regions :

E=Eo + Ei + E2+ E3

where /J^ is a surface of small depth below the undisturbed water
surface which just encloses the imnnersed part of the side hulls of

the ACV in its interior and which intersects the EFS in a closed curve
L (see Figure 3). This curve will therefore contain in its interior

the actual boundary L u of the ACV on z = , i. e. the closed curve
formed by the intersections of the outer surfaces of the hulls on z =

and the vertical projection thereon of the hemline of the skirts at the

bow and stern.

Z^ is the lateral surface and 2_/_ the base of a large circu-
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lar cylinder with its axis along the z-axis and extending downwards
to the bottom of the deep ocean. The radius and depth of this vertical

cylinder are assumed to be very large. If the intersection of this

cylinder with the plane z = is the circle L^ , it is obvious that

L, (and therefore L,, ) will be contained well within it. Also, /,
4 ^ H ' 2

is the ring-shaped domain on z = lying between the circle L-
and the closed curve L,

We may now apply Green's theorem to the closed domain in

z > bounded by ]^, i.e. by XI
"*"

Zl
"*" S "'"E '

^^^^ (x, y, z)

lying within V] ° ''

^(x, y, z) — ff Tg ^^
47r7j L an

<if

2 ~ 3

_a_G

an
dS (V. 10)

S + E/E/E,
o 1 2 3

The boundary conditions satisfied by ^I' are given by {V.4),

(V. 6), and (V. 8).

Considering first the integral over Z-j-, the base of the large

cylinder, the integrand tends to zero in view of the assumed behaviour
of 4> (and therefore of ^ ) and of G as T —>-oo. The integral over

the lateral surface 2^- -is also zero as the radius r—^.oo since the

radiation conditions are specially selected (and considered physically

reasonable) to ensure that this is so. A full discussion of this matter
will be found in Appendix V of Reference 1.

We are therefore left only to deal with the integrals over 2-i

and 2_/ ^ . As regards the later.

4 TT ^ an
- 4'

aG
an

E3
and on substituting for '^ ^ from (V. 9) the integral becomes

4 7rg //[
^I'(V G^^ + ZiaVG^ - (^ G) - G(V >!' t^- 2iaV^^-(r ^) dkdr]

V (^G^^ - G^tt) + 2icrV (^G^ + G^'J d^drj

'~~^\l
^^' ^^""^ ""^^^ ' 2i.V.I.G] d^d-n

221



Murthy

^ V^ (^^G^ - G^^) + ZicrV ^G
'-3

1— ^ V^ (^G^ - G^^) + 2i<r V^'G dr?

dV +

' 4

where the line integrals are taken in the clockwise direction (viewed
from above) along L3 and in the counter-clockwise direction along
L^ in order to keep the domain of integration to the left, bearing in

mind that the positive side of the element of area d^drj is along the
z-axis i. e. below the free surface. This is in accordance with the

usual convention.

It is important to note that the above substitution for ^t
from (V, 4) is only valid for potentials of 0(5 , |8, 6a and ^ a ) . It is

not valid for the potential of 0(5/3 ).

It can be shown that the line integral along L^ also vanishes
under the assumed radiation conditions.

We have then,

'-.11*(x.y,z) -^Jj (G -|i-*4^) dS .

2
^

+ —^ 4 i^G, - G^. +-^ ^G) dT, (V. 11)

47rg I
^ '

V
4

We may now contract the surface / . surrounding the ACV
on the water surface to the actual boundary of the craft composed of

the immersed hulls S^ and S and the internal free surface S .

The curve L, will then tend to the curve Lm in the limit.
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^ '-2-L2 + Li-Lit L4

^2 Si

/
/

Thus we may write,

>I/(x,y, z)
Ait

;g f-E--*-!^) dS +
3n dn

1 -^ 2

(^- |f-o|f,ala,.

V
4 7rg

Lt (^ (^I'Gv - G^^ +-%^ ^G) d^
^

- -^1 --^

^4-^
(V. 12)

where we have denoted by Sq the part of the plane z = contained

within the IFS,

It will be recalled that L is the boundary of the ACV on the

water surface. This curve may be sub-divided as follows :

H 1+ B 2- S

where L, +and L_- are the intersections of the outer hull surfaces
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with the plane z = and L and L are the vertical projections
of the hemlines of the skirts at the bow and the stern. All these curves
are to be traversed in the same direction as L, , i. e. in the counter-
clockwise direction.

The surface integral over Sq nnay be transformed by the

application of Stokes 'theorem :

g // ^G ^ d^dr7= // 4'(V G^^ + 2i<7 V G^ - <r G) d^dT?

V ^<i> G^dr; - V // ^^G. d^drj +

+ 2ia V (j>^ G dTj -, Ziffv/Z^'G d^dr;-

So

- a II^G d^drj

and since

5o ^ ^C So
we may combine all these integrals together and write

T^hfr-^'iV'''' =tW <"'*£« -^'' v*^..^*-

So So
2

g^n G d^dT, +
^^g j>

(*G^ -

C

where, now, L is the boundary of the IFS

L^ = L, + L + L^ + L^ ,C 1- B 2+ S

L^_ and L24. t>eing the intersections of the inner hull surfaces with

z = and L^ and L^ as defined previously in connection with Lj,.

224



Lineavized Potential Flow Theory for ACVs in a Seaway

All these curves are to be traversed in the clockwise direction in

order to keep the positive side of Sq (which is below the free surfa-

ce) to the left.

We may now write (V. 12) in the form

1

+^7^ // (V^^^ - ZiaV^'^- cr xl._ g^^) G d^d,

V
4 7rg

2icr
(^G^ - G^^ +—^ >I'G) dr? +

V Lt

47rg L^-^L^
^

(^G^ - Gvl^^ +^^G) dT,

Now, the function of <^ and its derivatives in the integrand of the

surface integral over Sq is given exactly by the free surface condi-
tion (V. 6) on the IFS applicable to potentials of 0( h, 13, 8a, 0a)

,

namely,

-^ (Vp^^ - i<rp^ )

Substituting this value and combining the line integrals, we may write

^(x,y, z) = t/>=i: an
) dS +

V^:

// (Vp - iap ) G d^dr? +
4 7rpg M s^ s

V
47rg L

2i a
^G. - G^. +--— ^G

k ^ V
(V. 13)
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It will be noted that the contour Lj, and Lp have in common the

curves L„ and L at the bow and stern which are taken in different
b

directions. Choosing the clockwise direction for the integration, the

combined line integral may be written

v^
47rg ^[[^] G^ - G [>I^^] +^[^] g1 dr,

+ (line integrals along the hull intersection L , L ,

L and L^ )

2+ 2- '

where [^] and [4' t] denote the "junnps" in these functions across
the cushion boundary in crossing from a point on the EFS outside to

a point on the IFS just within. These jumps will exist due to the

singularity of the potential at the boundary of the cushion indicated
earlier. We are, of course, assuming that G is continuous across
the boundary.

The line integrals along the hull surfaces need not be discussed
in detail as their order will be 0(6) higher than that of the potential

under investigation. This is because the total width of each hull is of

0( b ) and the line integral is taken with respect to t? on the hull

surfaces. On the other hand, the line integrals along L^ and L.
will be of the samie order as the potential as f] can now take a value
up to the semi-width of the ACV on either side. However, the line

integrals around the hulls will have to be taken into account when
evaluating ^i,q by including the contribution of 0(5^ ) arising from
the integration of the potential ^ giO °^ ^(^ )•

It may be added that the line integral along the cushion
boundary will vanish if there is no discontinuity of ^ at the bounda-
ry. As the discontinuity arises mainly because of a pressure distri-

bution within the IFS higher than atmiospheric, a suitable distribution

of pressure will remove the discontinuity and the need for evaluating
the line integral. This will be discussed presently.

The surface of integration S_ is that part of the plane z =

contained within the instantaneous position of the IFS, which is a
fluctuating region oscillating about the steady state position ^ say. As
the instantaneous position S^ is unknown and has to be solved as
part of the problem, we will reduce the surface of integration to the

known region Sq .
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The instantaneous surface Sq may be assumed to be composed of the

steady surface S together with an additional strip of area S' aris-

ing out of the oscillations.

The strip corresponding to an element of area dtdr; extends from
the point L on the boundary of S to L' on the boundary of S .

If ^1 and ^1 are the longitudinal co-ordinates of L and L'

respectively,

in the undisturbed condition when L and L' coincide.

In the disturbed condition points on S are obtained by the vertical

projections of points lying in the ^ '? plane within the displaced^

position of the cushion boundary in that plane. Thus, setting T =

in equation (3. l) for transformation of co-ordinates, we obtain after

linearization with respect to 6

since the geometry of the cushion boundary in the ^ 'J -plane is

unchanged by the displacement.

We may now write

// f ( ^ 7,)dUr,= // f (^ r, ) d^dr, + // f ( ^ t, ) d^d,,

o ^o
The integral over S' may be written

/•• /' f ( ^ O d ^

and as the length of the strip is small, we may replace the inner

integral by

( «L.- ^l) f («1)

«=«L
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so that the surface integral over S ' becomes the line integral

C>
( ^T . - ^ )

f
( ^,^ )

d^

= (x + h^0 ) i{^,-n) d^

which may be re-written as a surface integral by Stokes' theorem

We have, therefore, generally.

I
f {^,V) dUv

II
i{^,v ) + i^ + h^d) ^U^,v)

^^
d^dl

^0 ^o

It is obvious that there is no additional correction term required

when f { ^ , 1} ) is uniform throughout Sq or when it has a zero
value at the boundary.

Applying this result to the integral over S in (V. 13) we may write

^(x, y, z) = (G M. . 4^4^ ) dS +
3n dnr.j{

So n

_a_ [(Vp - iap ) g] d^ drj +

(Vp - iap ) G + (x + h_^)
S^ S v_r

+
47rg

a [4']G^ -Gb^] +-^Mg] dr,

Lb +L5 (V. 14)

We will now proceed to discuss the integral over the hull surfaces.

Considering first
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4'^ dS ,

3 n

since
V^2

-V— = n. vG
an

where n , the unit normal out of ZL* , i. e. into the hull, i

by
s given

VH
VH

we may write
,

"an
dS =

VG . VH
IVHI

dS

= VG . VH d^' df

'

ah. ah.

H ar
cos5 +

+ H
ah
L

ar'

af

ah
cos

aG _ aG_
^

ar
sin e )

a^ ar,

aG
af

d^'dr'

on the outer hull surfaces S. , and Sp. as discussed in Section IV.3

In the case of the inner hull surfaces S^ . and S.- we replace h,

by h2 .

On linearizing with respect to 6 ,

aG
an

dS = 5(

a^

ar ar ^ ^'a7''^^ -'^ar.
d^dr

Now, the terms containing d have b as a factor and as 6 is of

0(5, /3, a, ga,/3a) these terms will actually be of ( 5^,6/3
, 6a). Also
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-: has 4' as a factor and these terms will therefore become of a

much higher order. We may therefore ignore the terms containing

6 and write simply

dS = ^ -lf-<
ah

1 ac
ah

ac
a^' a^ af ar

d^'df

It should be noted that the derivatives of G on the actual hull surface
should be used although we have reduced the domain of integration
to the longitudinal plane of the hulls. We will therefore have to expand
the derivatives from the hull surface to the longitudinal plane.

Let

G = G +
r r

where G is the regular part of G and

(x -n^ + (y - ^)^ + (z -f )^ 1/2

Then, using Taylor's theorem for the expansion of regular functions

aG

a n

a^r
\n^b=6h^{i^'t') ar?

rah, aG
+8

n=b
La^' a^

ah
1

af

aG
Jr,.b^

+ 5 'M-^

a^a^

aG

"aV

ah

ar'

a^ ^%

a^G

^^

ar,af) J

^Pr

L^^' ^^ a r ar

a^G

^(^'^')-a
+ 0(5")
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This is on the outer hull surface S. . In the case of the other surfa-

ce S the expansion would be

a^r a^

77 + b.-5hJ^'f')

+ 6

r^h ac Sh ac
1 r 1 r

T)z-b_

8^(^'f')

2

^7,2 'J^-b.
+ 0(5^)

a G
+ 5

bh.^ ac^ ah^ ac^

T?=-b.

- h^ (rr)

Similar expansions with h instead of h. will apply to the two inner

hull surfaces S + and S._

The normal derivarive has thus been reduced to the derivative in the

lateral direction across the longitudinal planes with the addition of

0(5) terms which are only required when we have to evaluate the

0(5/3) potential.

Let us now consider the singular part of G , namely l/r ,

As in the case of G

4- 4> =^l- *-t'
+*

dn r d-q r

r ^h > 3h N , •

ar ^^ ^ r ^ ^ ar ar ^ r
^

If the point (x, y, z) at which the potential is to be determined is far

removed from ( ^ , 'J , f) which is confined to the hull surfaces for

the purposes of integration, there is no difficulty, for l/r is then

regular and may be considered as part of G- in the above expansion.

We shall, however, be actually interested in the case when (x, y, z)

also lies on the hull surfaces for the determination of the potential

and thereby the pressure thereon which causes the forces and moment.
A closer examination of the nornnal derivative is therefore necessary
in this case in view of the possible singularity at (x = ^ , y = »? ,

z = f) .
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Now

X -^ ^ ( I ^ _ y -V h /I z -r

so that

^ / 1 \ - y -V , ,
X -^

ah, .ah
1

.

z -f 1

ai
7 +

3 af

and considering first S with^
1 +

V = V' = b + 5 h^ (Tr')

we have

Assume now that (x, y, z) lies just outside S so that

y = b + ^ h ( x'z') + c

where c is a small positive quantity « 5

Then

a 1
ah

^ ^
- 6h^(x'.z-) - 6+ 8h^(rr)+ <5(x - n-§-^+ H^ -n-^r

"^'^"^^ ^ 7 ~. r =u .1 3/2
(x - n + 5h^ (x'z') + e - 5h^ (rr') ^ + (z - n^

which is of 0( 5 ) as « —>-0 , unless x —? | and z —» f when
it is of 0( -^) .

In the lim^iting case when 6 also —j* it can be shown that

-<^ (—) -^ Ztt a (x -n 5 (z - O + 0( 5
)o n r
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where the operator b stands for the Dirac delta -function.

Similarly, in the case of S , the normal derivative is of 0(6) or

-^-|-^-r^^ -27r5(x-n 5(z-r) + o{a)

and results for S^_ and S could also be written down in the same
manner.

We may therefore write, neglecting the 0( B ) terms.

iG

jj ^-^ - §H^ + Zirh (x - n^ (z - f )U

V^2 o '^o

>7 = b +

-b

- zttS (x - n6(z - r)

+ zivb (x - n^ (z - f)>+

+<['

V--\i

lac
r7=-b_)^^

= //
hf -^

7, = -b_

ao

ztt 6 (x - n5(z - r) dTd^

o o

b- b + 1 1^-^

77 = b

+^4'-b -^I'-b

- 27r5 (x - O (z -n>+

aG

77::-b

+ 27r5 (x - n Mz - f ) d^dr

where S^^ and S2 denote one side each of the immersed part of
the longitudinal planes of the hulls. We have assumed here that G
and G^ are continuous across the longitudinal planes, but allowed
for a discontinuity in the value of the potential across the planes. The
values of Gt, at 77 = b and 77 = _ b will, of course, be different.
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As explained earlier this discontinuity in the potential is due

to the pressure in the cushion and may therefore be assumed to be

of 0(^ ) .

Now "if (x, y, z) is an even function of y , i. e. "^ {^ ,^1 , ^ ) is

an even function of ^j , so that

and
<l^h = ^I'-b

^. 4^

-b
+

The "jumps" in the potentials from the IFS to the EFS across the

hulls

and

•- -Lb - +•

will therefore be the same at corresponding points ( ^,f ) on the

longitudinal planes.

The terms involving the delta -functions will therefore cancel

with each other, but such a cancellation will not be possible in the

case of the "jumip" terms as the value of -^— will be different on the

two longitudinal planes 77 = + b , so that bv

/j% "
-//f

<lfb+

-^G (x, y, z;^ , 77 , f )

bv

r 2

3g (x, y, z;I ,
I? ,f ) d^dT (V. 15)

V--b

where the integration is now reduced to one side of the longitudinal

plane of S-^ which is geometrically similar to that of S2 .

The domain of integration is given in the body-fixed system.

The Green's function, however, is given in the moving system, but

can be expressed on the longitudinal planes in the (x', y', z') system
by a Taylor series
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G(x,y, z,^ ,r] ,^) = G(x, y, z; ^,'b
, f) + (^^')

+ ( r,-b )

ac
a^?

+ (r -r)

(^,b,r

)

a r

It is assumed that this expansion is permissible even for the singular

part of G . A similar expansion has been carried out for the poten-

tial in Appendix III for the evaluation of the pressure in the (x', y', z')

system. As the potential is expressed in terms of G , this implied

an expansion of G . It may be hoped that the singular terms arising

from the two expansions will either cancel with each other or become
of a higher order than that we are concerned with at the moment.

Now,

. 2
^ - ^ = x+ ( r' + h )

d ^ 0{d )

V -V' = 5 h ( ^ , f ' ) in the case of S

and

f _ r= z - U+ 0{d )

SGand as —— has 4' as a factor and we are only concerned with poten-

tials of {8 , |3 , 8a, ^a) we may use only the (a) terra in the expansion
for G

G(x,y, z; ^, 7j , f ) = G(x, y, z; ^ ; b, f ) +ae

so that

lat aG
v+ r'

aG
001 a ^ 001 a f

'

v'= b

G^ (x,y, z; ^, 7j, f) = G^(x,y, z;^', b ,r') +

+ a e
lat

""ooi arav

where we have written

a^G
a77'ar
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and

ac ac
af af

when terms of a higher order are neglected and , of course,

ac ac
ai7 a Tj'

A similar result will hold for S_ with ( ^', -b, f ') as the argument
of the Green's function.

We therefore have

fg-//H[
aG(x, y, z; T, V >^')

vs lo

ai;'

2

aG(x,y, z; T, ^ , f)

ar,

77=b T?=-b

itrt ( r a G

i=b

a G
ai'av

vz-b

+ tI
001

n2
a G

a^j'ar'
I

r7=b

we have finally to evaluate

a^I'

^2
a G

a var
77^-b

d^dT

(V. 16)

//
G ,V^ dS

a^ 5^+^2
Now, "^— is given exactly by the linearized boundary condition (V. 8)

on the hull

-^- '"^r' '"[' ^01 -a— ^"^ioi ^r '"^%01-aTJ

applicable to S- and S2_ with a similar expression for S^_ and

S_ where h replaces h^ . Inserting these expressions, using

the expansion derived above for G and combining S and S_
u o owe have
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^*'2

+ "^ioiif «=b^°-b'
dj'ar' (V. 17)

We may now combine (V. 17) with (V. 16) noting that the integration

is to be performed on the instantaneous position of one side of the

longitudinal plane of one of the hulls. As the instantaneous position

is unknown, we will reduce the integration to the known equilibrium

position.

We may write as in Appendix III

S, = S, + S\

where S. is one side of the longitudinal plane immersed below the

free surface f =0 is the steady part of this plane below the

load waterplane T' = and S\ is the oscillating strip between
f = and f' = From the discussion in Appendix III where we

S'iq , the

correction for the first term in the integrand of (V. 17) is an additional

integral over the basic surface S.

evaluated the pressure force and moment over the strip j.

8V//K--Jt' d| dT = bae

[

^b ' ^-b

ah _a__

ar
G + G
b -b

- e 001
Ail
af

[
°b * °-b

Ai'At

We need not correct the second term in the integrand for the integral

will be 0{ ba,b&a, 8a) .
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A correction is similarly to be made for only the first term in the

integral of (V. 16), This takes the form of a line integral

iat / -

ae I (z
001 ^'^..J

r.'o

aG(x,y. z; ^', y', o) |"[ d^'

^G(x, y, z; ^',v',0 )

V = h

V-h

As we have defined 4^, as the time -independent part of 4> ,

we may suppress the factor e '^ in (V. 16), (V, 17) and the correction

terms. This factor arose from the expansion of the Green's function

and in deriving the correction terms, but may be suppressed for the

tinne being so long as it is understood that we use this factor always
along with a when we derive the time- dependent potential <|>

Combining (V. 16) with (V. 17) and taking into account the

correction terms we have, after simplification

(G-l* ^"^"^^ "^^
^/r^'lf'

G(x,y, z;f,b,r') + G(x,y,z;^;-b, r')l

'

^«f
^001 °-aT ' ^ioi It^

^'^'
^f,' ^ ^^b ' ^-b|

4'
aG SG

r?=b

+

7)'=-b

"1^001
/_a G__

)
+

rjzb

+ r'
a^G

001 Sx'ar
-a^G

n'z-b

)

«^01

V- b Tj'- _ b

a G(x, y, z; ^, tj , o )

d^'df

^V

aG(x

or) J

r7 = b V--h

(V. 18)
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We may now use (V. 18) in (V. 14) to derive an integral representation

for ^ , but before doing so the integrand in the integral over S^

in (V. 14) will be re-written by using the expansion for p

io-t

Ps^^'^^= ^Po^^^'' ^^^"" ("OOI+^G^OOI^ Po

1. e.

Vp - iap = /3Vp +i8a(x +h a ) (Vp " i<^P^
^s. s Ot ^ 001 G 001 ott Oy

so that the integral over Sq becomes

//
/3Vp G +/3a{i + h )

I
2Vp G+ p (Va_ - ia) g( didn

Ov 001 G 001
I

Ott Ot ^ I

We therefore have finally,

ah
vl'(x,y,z) = hk

1,

ar

ah

G(x, y, z; ^', b, T ) + G(x, y, z; ^j'' -b, f )

»o, -fT'l'-^lF'^b*'-!." •"'
|]

b a v
+a< r

-b i 00 iVa^'

a G
aT?'|b a^'aV

+ r' , (

S^G 3^G

'b

^ )

-b
I

d^'df

aG(x, y, z; ^',t/',o ) aG(x, y, z; r,'?',o
)

L 77 = b n-b

1 m ^'^°

""i^gjjnS "^ ' '^^^Ol^^G^OOl^

a^?'
d^

r?r-b

'ZV p G + p (V-^ - i<r ) G> d^dT7 +
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47rg M G^ - G [^] +^^Mg1 dv (V. 19)

The potentials of various orders may now readily be written

down by equating terms of the same order on both sides of (V. 19)

with the assumption that the "jumps" in the potential relate only to

the cushion and not to the side hulls. This has been discussed above.

We thus derive the following expressions for the potentials :

°^^^*1000 (^-y'^) ="4Ti/"lr
G(x.y,z;^U.r') + G(x. y. z; ^^ -b,f ')

J
d^df

0(6«)4>^010(x.y.z)=—tf..,
• " '+V ^001 TT^^

,- '. lo . Bh
+ ^^001 ^^ooi^Tr

|i. , vy [g^ . G_^] d^ df

0(^)4) (x,y, z) =-
0100

' 47rpg

f
^g cT I 01

Pq G(x, y, z; ^, 17 ,0 ) d^dr; +

00
(^^>o) G .(x, y, z; ^, T/ ,0 )

-

t
-
|y^"*oiOO^^''''°M^

(x,y, z;^,T7 ,0) dr,

47r// 0100^ ' 0100 J

I0

[3G(x, y, z;^', n' , f) aG(x

r?=b T?z-b

°(^"^*ooo^"'y'^)
=

^"001" VooiY/T/^v ^ri . ^^/I (2Vp^ " i^'^P^ )G(x, y, z;^ , '?,o )

^o

Att p g
'H ^

+ Vp^ G (x,y, z;^,77 ,0) d Ut
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V
4 7rg ^

I-B + L5

2ia

V
G(: ,y, z;^ , 77 ,0 ) -

Gv (x, y, z; I, Tj , o ) +

a^ 0110
]

*/Min(^»^'0) G(x, y, z;^ , 77 ,0 )
dr;-

1

¥7 *o.oo<«'^"f')-*oioo<«-^^-f''}

3 G(x,y, 2?^ , J?, f

)

(^001 +
(f' ^Vooi'(- s« a,'i

a G(x,y, z; ^,77', f )\ ,- ., x

a?^a7 ^y
^001 ^%oi^

i7=b

Vr-b

(
a G(x; y, z; ^ ,\ ', t') 3 G(x,y, z;^",?? ', f )

avar'
Tj = b 77 = -b
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aG(x,y, z; ^.r,',©
) ||^^/ (V20)y^'

It will be observed that we have derived an intepral repre-
sentation for the hull potentials in the form of a source singularity-

distribution over the two longitudinal planes of strength equal to the

normal velocity in the case of steady motion (the classical Michell
potential) and a source distribution of density equal to the normal
oscillating velocity together with a distribution of doublets oriented
longitudinally and of strength equal to the product of the normal
oscillating displacement and the forward velocity.

In the case of the air cushion, we have derived integral

equations for the potentials and an explicit integral representation
is only possible under some additional assumptions.

During steady motion there is a primary distribution of sources over
the steady position of the lower boundary of the cushion with a strength

equal to the longitudinal gradient of the basic pressure distribution

with an additional line distribution of sources, doublets and quadru-
poles along the bow and the stern, the strength being equal respecti-

vely to the "jump" in the longitudinal velocity of the water particles

and the "jump" in the potential itself. As these jumps are caused by
the discontinuity in the pressure it may be assumed that the line

distribution will vanish if the cushion pressure is such that it is

diffused to a zero value at the boundary and with a zero value of the

longitudinal gradient there. In addition, there is a distribution of

doublets oriented laterally over the longitudinal planes of the side

hulls of strength equal to the jump in the potential across the planes.

The oscillatory potential is given by a sinnilar distribution of sources
and doublets over the IFS, along the boundaries of the cushion, over
the longitudinal planes, and along the waterline.

These potentials are discussed in further detail in Sections

6 and 7.

The Interference Potention <i>

The derivation of the interference potential <|> ^^q is slight-

ly more involved as all terms of 0(6/3 ) have now to be taken into

account . The method depends upon finding first a particular solution

of Laplace's equation satisfying the inhomogeneous equation repre-
sented by the boundary condition (V, 3). The homogeneous function

denoting the difference between the actual potential <i> ^^qq and this
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particular solution will then satisfy the homogeneous form of (V. 3)
and can be solved in tl

The Green's Function.

and can be solved in the same manner as <l> or <i)

1000 0100

The potential of a source of maximum unit strength and
pulsating with frequency a while moving with uniform velocity V
along the x-axis at a depth T below the undisturbed water surface
satisfies the conditions stipulated for the Green's function in connec-
tion with this problem. This function is given in different forms by
various authors, but we shall use the representation derived by
Peters and Stoker (^^

.

r -\ -1/2
G(x. Y,z-A,r,,n = (x - O^ + (y - ^ )^ + (z - f )^

E
|(x - if + {y - v)^ + iz+ n^

.1/2

+

7 oo

g
/ / Pe ^^

' cosp (y-T,) sine

o o

.-//

-p(z+f ) + ip(x-0 cos B

gHI-
+

' '-^-
2
" " '' '•

' dpde +

gp - (
cr + pV COS0 )

-p{z+f) + ip(x-Ocose
\ . nP^ cosp(y-7?) sm 6

2
dpd5

^ ^ gp - (<^ +PV cose)

-/y. P^ cosp.(y-T?) sigg
2

dpde

il2^2 SP " ('^ + pVcose)

where

7 = ) if 1 < g/4(rV

arc cos g/4(7-V
j if g/4 o-V^ 1

Pr Pz ^^^ ^^^ ^^^^ zeros of the denominator in the integrand
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^Pl = — when 7 4 0< 7r/2

r~ ( 2V COS0
>'P2

xf" + \fi-A/S - 4 <r V cose
^Pl( "*• ^ >> when 7r/2<0<7r

2V cose

and M- and M- are the contours of integration in the complex

p -plane

Pl ^2

Ml

I y^ y^ --2

(V.21)

In the case of the steady potentials ^iqOO ^^^ *0100 ^^ rnay use

the steady Green's function G obtained by setting a- above,

i. e.

G(x, y, z; ,
r; , f ) = I (x - O" + (y - ^ )" + (z - f

)""

I

-1/2

/y -p(z+ D + ip(x-0 cose , \ •
z,

4g 11 ^ cosp (y- V) sing.^ Re ./p 2 2
'^"

"^P^"

g - pV cos 6

CM

where M is now the contour of integration

I

(•^ »-M
o o (V. 22)
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FLEXIBLE SKIRT

Fig. 1 Sidewall ACV configuration
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-^X

SPACE -FIXED SYSTEM MOVING SYSTEM

^
i>'

^

MOVING SYSTEM BODY FIXED -SYSTEM

Fig. 2 Co-ordinate systems
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1-2- L2+ L|. L,+

L3EFS l^\j IFSW L^EFS La

'z.z

Fig. 3 Domain of integration in Green's theorem
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NOMENCLATURE

ACV air cushion vehicle.

EFS external free -surface - free surface of water of infinite

extent outside the immersed part of the side hulls and the

vertical projection of the flexible extensions at the front

and rear of the air cushion.

IFS internal free surface - free surface of water contained
between the inner sides of the immersed part of the side

hulls and the vertical projection of the flexible extensions

at the front and rear of the air cushion.

A total waterplane area of the two side hulls at zero speed
ahead,

a amplitude of the regular incident waves.

b one half of the separation between the two side hulls.

F external force vector acting at the C. G. of the ACV.

F pressure force vector.

F pressure force vector (cushion hull),

C
F pressure force vector (side hulls).

H-
F rigid body force vector.
R

F side force on an annphibious ACV in drifting motion,
o

f pitch stiffness function of the air cushion.

f_ heave stiffness function of the air cushion.

G steady Green's function.

G unsteady Green's function.

G equilibrium position of C. G. during steady translation.

G' instantaneous position of C. G, during oscillations.

g acceleration due to gravity.

H hull function in (x, y, z) system,

h total width of side hulls at (x', z')

h , h hull function in (x',y',z') system on the starboard/port
side of S and port/starboard side of S_ .
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h height of C. G. above undisturbed water surface at zero
speed ahead.

h height of the thrust line above C. G

I moment of inertia of ACV about lateral axis through C. G

I monnent of inertia of waterplane area of both side hulls

about lateral axis through the origin o' .

I
, ,

moment of inertia of ACV about lateral axis through o' .

aVa -^ ^ 1 • / ^i,j,k unit vectors along axis in (x, y, z) - system .

AAA
i',j',k' unit vectors along axes in (x',y',z') - system.

k, 1, m, n as superscripts refer to the powers of perturbation
parameters in perturbation expansions.

as subscripts refer to the component terms of the pertur-
bation expansions.

k wave number of incident wave ( = o" /g ).

k related to speed of translation ( = g/V^).

L, M, N, components of moment vector,

L load waterline on the longitudinal planes of the side hulls.

L vertical projection of hemline of the flexible extension at

the front of the cushion on the plane z = .

L lower boundary of air cushion on the undisturbed water
surface .

L boundary of ACV on undisturbed water surface .

rl

L^ vertical projection of the hemline of the flexible extension
at the rear of the cushion on the plane z = .

L , L , L , L as defined in Appendix V.

M moment vector.

M pressure moment vector.

M pressure moment vector (cushion hull).

__^ C
M pressure moment vector (side hulls).

_^ H
M rigid body moment vector.

m total mass of ACV.
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m partial mass of ACV supported by air cushion.

m partial mass of ACV supported by the buoyancy of the side

hulls.

n unit normal vector.

origin of co-ordinate system fixed in space.

o origin of co-ordinate system translating in space with uni
form speed V in a straight line.

o origin of co-ordinate system fixed in the ACV.

p variable of integration.

p, p cushion pressure (excess over ambient).
c

p (x, y) basic hull form of the air cushion.
o

p surface pressure on IFS.
s

p time -independent part of p
s s

R_,_ wave resistanceW
r distance between (x, y, z) and (^.'y.O-

r* position vector of element of mass of ACV or elennent of

area of IFS with o' as origin.

r coupled displacement parameter = x + (z' + h ) 6.klm klm G klm
r , coupled displacement parameter = x, , + h^^ , ,klm klm G klm
S,S surfaces of integration.

S instantaneous position of IFS during oscillations.

S instantaneous position of the part of the plane z = contain-

ed within IFS.

g
o steady position of S .

S' oscillating strip denoting the difference between S and S

S starboard hull.

S port hull.

S , S starboard/port side of starboard hull.

S , S starboard/port side of port hull.

S , S longitudinal planes of S , S in their instantaneous posi-

o o tion.
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6 side hulls perturbation parameter denoting the small
order of the semi-width of the side hulls on either side of

the longitudinal plane.

£ incident wave perturbation parameter denoting the small
order of the wave slope (ratio of the amplitude to the length

of the wave).

^ ,V,^ dummy co-ordinate system having the same disposition as the

(x, y^) system -source point co-ordinates.

^ angular co-ordinate ; variable of integration.

d pitch displacement.

X wave length of the incident wave.

p fluid density.

/J control surface (comprising 2^ 2^ 2-( and 2-r )

2^ 2^ 2^ 2-/ as defined in Appendix V.
O 1 2 3

^^

^ frequency of incident wave relative to space.

©g encountered frequency of incident wave ( = <r + kV )

$ velocity potential of water in frame of reference fixed in

space.

^ velocity potential of water in franne of reference moving
in space with velocity V .

^ time -independent part of velocity potential.

f elevation of water surface.

w angular velocity of ACV about a vertical axis.

A dot denotes differentiation with respect to time.

Derivatives are noted by subscripts when not written in

explicit form.

Special Note .

In the case of terms containing e^''^ as a factor, it is

naturally understood that the real part of the complex quantity is to

be taken. This exponential factor denoting harmonic variation with

respect to time occurs both in the case of the oscillatory displace-

ments and in the case of the unsteady potential. When a factor of
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e is given it is implied that a factor of e ^"^^ should be taken

with the displacements and a similar factor with the potential. The

real parts of each are separately taken and then combined together.

This convention is specifically indicated by the asterisk.
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DISCUSSION

Lawrence J. Doctors

University of New South Wales
Sydney t Australia

I find this paper very interesting, because the response of

an aircushion vehicle to a seaway is an important factor in the opera-
tion of these craft. Violent motions are to be avoided from the points
of view of both the passengers, and of the craft structure, i. e. safety.

In addition, it is desirable to maintain a minimum operating speed,
which is not always possible in waves of a large amplitude.

I would like to ask some questions about the analysis used by
the author. Firstly, I can see no place in the paper, where the fan

characteristics are involved. Surely, the interaction between fan pres-
sure and volume flow would affect the dynamics of the craft. In other

words, this is an additional parameter in the coupling between the

motion of the ACV and the response of the water surface.

Secondly, one woujd expect the timewise varying air gap be-
tween the skirt hemline and the water to be an important factor. Has
this in fact been considered, for the air gap affects the pressure drop
under the skirt ?

I am also interested in the way the pitch stability of the am-
phibious craft is modelled. For example, does the author compart-
ment the air cushion with a transverse skirt ? Incidentally, this would
introduce a nonlinearity under certain conditions.

My final question is this : Has Dr. M\irthy carried out any
numerical calculations, or does he consider that computer time would
be too excessive ?
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REPLY TO DISCUSSION

T. K. S. Murthy
Portsmouth Polyteohnio

Portsmouth J V. K.

Dr. Doctors is quite right. I missed mentioning these things

in my hurried talk. I would refer you to page 167 where I have clearly

stressed that we have gone into some detail to study the hydrodyna-
mic, including hydrostatic, effects on the motions of the ACV. It is

only a short paragraph and I will read it :

"It is assumed for this purpose that the aerodynamic effects are known
including, in particular, the stiffness and damping of the peripheral-

jet or plenum type of cushion. It may be thought that such effects as

that due to "wave pumping" should have been taken into account. . .

"

Of course, that includes the question of fan characteristics

as well. These are assumed to be known and they can be fed into the

equations. I am only assuming that the ACV is moving under the ac-
tion of a constant thrust. I am assuming that the pressure distribu-

tion is known. The expressions involve the pitch and heave stiffness

of the air cushion itself, which are assumed to be known ; they are
the functions fi and f2 given in the text of the paper, which take into

account the air gap of the cushion and the stiffness and damping of the

air cushion due to variations in the gap.

The third point is concerned with stability. In my work I am
not concerned with the actual cushion ; I only want to know what the

pressure distribution is. People think, rather naively, that the cushion
is uniform. It is very easy to construct a uniform cushion within a

rectangular boundary but one can see very easily that this type of

cushion will be unsuitable for high speed motion because if you trans-

late it into shipping terms a uniform rectangular cushion will have a

hull form in the shape of a vertical cylinder with a vertical bow and
stern, and no naval architect would use this type of hull form for a

fast bearing planing vessel.

It is also made clear in the expressions that the distribution

of pressure, particularly the diffusion of the pressure - what Dr.

Doctors has been calling "smoothing" at the boundaries - is very
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important as far as the motions are concerned. So one has to look a

bit more deeply into the actual pressure distribution in the cushion
and we can, it appears, have a tailormade cushion for each job we
have in mind, whether we want a cargo ACV or a very fast ACV. It

depends on the role the craft has to play and you can design a suitable

distribution of pressure. As to how it is done, you can accentuate the
entrance entrainment of the air from the atmosphere and produce a

non-uniforna cushion of a suitable shape for the role the vehicle has to

play in actual operation.

The last point raised was whether a numerical computation
was made. That was meant as my third apology when I started. No
results are given here. The work was done purely as a private ven-
ture. It was not sponsored by any Government or any agency. Calcu-
lations involve the use of a computer, which costs money. But the ex-
pressions are available here and can be applied to any specific confi-

guration, and quite realistic results can be obtained. I am also con-
sidering the feasibility of applying the finite element method which
may be the only answer to problems of this kind, because some of

these integral equations are singular and there may not be any easy
way of solving them without the use of the FEM technique. This I am
studying now. So, once again, I am sorry I have no results here be-
cause results cost money, but they can be obtained probably at some
later stage.
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DISCUSSION

Roger Brard

Bassin d'Essais des Carenes
Paris J France

You just said that you deal with singular equations. I suppose
you mean equations whose kernel is singular ?

REPLY TO DISCUSSION

T.K.S. Murthy

Portsmouth '^olyteahnic

Portsmouth, U. K.

Yes.
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DISCUSSION

Paul Kaplan

Oaeanias Inc.
PlainvieWj New-Yorkj U.S.A.

I certainly agree as regards the importance of pressure.
This is a craft which by definition is an air-cushion vehicle with 90
to 100 per cent of its weight supported by air pressure, A deviation
in the equilibrium pressure of 50 per cent, which could easily occur
and could be computed for simple "wave pumping" by waves commen-
surate with the length of the craft (without such great height that would
violate linearity) will show changes of pressure of the order of 50 per
cent of the equilibrium pressure. Therefore accelerations of )/2g
immediately are possible. In order to account for this you do not just
say that the equation contains a damping coefficient and stiffness coef-
ficient that represent pressure effects. Pressure is a degree of free-
dom which must be added into any equation system. Therefore you
have heave, pitch, surge, and pressure is also a state variable ; it

couples with the others and it is the most important element. That in-

troduces the fan as well as the Plenum geometry and the wave pumping.
The end result of this is that if you neglect anything with the air pres-
sure in the manner shown here, then motion responses are erroneous.
I would suggest that this paper is very useful in many respects for

determining hydrodynamic forces, but the title is somewhat erroneous.
I would suggest it be changed somewhat and there it would still main-
tain utility. The paper should be called "A linearised potential flow
theory for the hydrodynamic forces associated with the motions of

air-cushion-vehicles in a sea-way".

Now here are some positive contributions to balance what I

have said before. The aspect of linearity is important and the result-
ing ability to predict motions in irregular seas even more so. There
has been published recently some results for motions in regular waves
which include equations which also have this pressure degree of free-
dom. The agreement with experiments, while not perfect, is more
than adequate. The predictions based on the application of spectral
analysis to predict RNS values of accelerations in irregular seas
agrees quite well also. Therefore, not only is there an aspect of utility

of the theory for getting hydrodynamic forces ; there also is a virtue

in linearity, so that is a benefit as well.
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REPLY TO DISCUSSION

T.K.S. Murthy

Portsmouth Polyteohnio
Portsmouth^ U.K.

I quite agree with Dr. Kaplan. I have made it clear that I am
only concerned with the hydrodynamic part of the study and I have put

various riders in the results saying that these are only the hydrody-
namic effects. These appear throughout the paper in various places.

I have mentioned cushion pumping and cushion stiffness and compart-
mentation. These are naturally to be added to the results here. I

agree with what Dr. Kaplan has said.
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ON THE DETERMINATION OF AEROHYDRODYNAMIC
PERFORMANCE OF AIR CUSHION VEHICLES

S.D. Prokhorov, V.N. Treshchevsky, L. D. Volkov
Kryloff Ship Research Institute

Leningvadj U. S. S. R.

ABSTRACT

Experimental and theoretical methods of determi-
nation of hydro-and-aerodynamical characteristics

necessary for air cushion vehicles dynamic calcu-

lations are discussed. The influence of ship form
on mentioned characteristics corresponding to stea-

dy and unsteady motion is analysed.

The estimation of propulsive performance and manoeuverabi-
lity characteristics of ACVs while designing these vehicles can be
based on tests carried out with self-propelled nnodels and simulation
of various operational conditions for these models. It is obvious that

the model behaviour is governed in this case by the total aerohydrody-
namic loads which are different in nature. At the same time separate
definition of aero-and-hydrodynamic forces of various nature is of

interest, specifically, for the analysis of the effect some components
of these forces have upon the ACVs performance and dynamics.

The forces acting on ACVs can be classified into the follo-

wing categories :

a) aerodynamic forces due to the oncoming flow around the hull, flexi-

ble skirt, stabilizing fins and controls;

b) aerodynamic forces due to the air cushion and interaction between
the latter and counter air flow;

c) hydrodynamic forces due to the contact of the flexible skirt with
water surface and interaction between the air cushion and water sur-
face;

d) hydrodynamic forces due to the effect of waves.

The cruising conditions of ACVs are characterized by the

active interaction of the structural elements with both water and air
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environments. The difficulties in simulating the aerohydrodynamic
effect and the necessity of analysing the data obtained make one carry
out the experiments in the towing tanks and wind tunnels independent-
ly. In. the last few years the central place in such experiments belon-
ged to obtaining the steady and non-steady characteristics necessary
for the calculation of transient processes and. estimating the ACV sea-

keeping qualities.

This paper gives a brief description of the most typical, in

the authors' opinion, methods of defining the above characteristics.

The description of these methods is illustrated by the measurement
results concerned with schematized models of ACV s with different

bow form.

I . DEFINITION OF AERODYNAMIC CHARACTERISTICS

As is known, the character of ACV movement in the longitu-

dinal plane depends mainly on the air cushion parameters and also on

hydrodynamic interaction between the flexible skirt and water surface.

The ACV movement in the horizontal plane depends, to a great extend,

on aerodynamics of external flow around the vehicle

There are two main problems relating to the study of exter-

nal flow around the ACV, viz. , the decrease in air resistance and the

achievement of predetermined maneuverability and stability.

The first problem can be solved only on the basis of the rational

choice of the hull form. The second one is usually solved by mounting
the system of stabilizers. For the ACV s with the length-to-breadth

ratio of 1. 5 to 2. 5 the resistance as well as side forces are determi-
ned by the distribution of normal pressure over the perimeter of the

hull; so the studies of both problems are closely connected with each
other.

The experimental investigation of the aerodynamic forces

and moments which are due to the external flow is generally carried

out on rigid models because slight deformations of the flexible skirt

have little effect on its aerodynamic characteristict.. A six-compo-
nent balance is used for this purpose Water surface is simulated by
a flat ground board.

The nature of aerodynamic factors can be revealed from the

results of the experiment with schematized models carried out for

the study of the effect the hull form has the ACV s aerodynamic cha-

racteristics. Table 1 lists the values of geometric characteristics

of the models tested, their resitance factors and the derivatives of
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side force and yawing moment with respect to the yaw angle /3 for

/9 = which are necessary for the calculation of ACV movement in

the horizontal plane. The aerodynamic forces are related to the pro-
duct of the velocity head ^ and centerplane area S, while the moment
is related to^SL, where L. is the model length. The moment is calcu-

lated with respect to the middle of the hull length.

As is seen from the Table 1, the resistance is mainly influen-

ced by the forebody form. With the change of relationship -!:jil- from
0. 5 to 2 the resistance factor decreases by 30-40 per cent. The in-

fluence of the stern form on the resistance is less important, which is

due to separation effects and the formation of the dead zone at the

stern. The angle of run ranging from ^ = to 2 leads to a decrea-
se in resistance only by 10 per cent.

It is known that the heave stability of the ACV s mainly de-
pends on the sign and value of the derivative m ^. The minimum va-

lue of the derivative m " which is favourable from the viewpoint of

stability of motion occurs for the models 7 and 8 with the smallest

values of angles of run and entrance. As is seen from the Table, the

bow elongation results in increasing the destabilizing moment m
,

so the requirements of minimum values for the coefficients of resis-

tance and yawing moment are rather inconsistent. Since the required

value of the derivative m ^' can always be obtained due to the fitting

of vertical stabilizers without noticeable increase in resistance, the

hulls with elongated bow^s and blunt sterns appear to be the most ad-
vantageous.

For the approximate estimates of the ACV s aerodynamic
characteristics at the initial stages of designing the theoretical me-
thods are of interest. The method is developed for the calculation of

both the total and distributed aerodynamic characteristics of ACV
hulls with flat sterns at different yaw angles and angular velocityt^ y

depending upon the forebody forms and paramenters -— and — .

The method is based on replacing the hull of the ACV by a

vortex surface which extends beyond the hull for modelling the vor-
tex trace effect (figure 1). The free water surface is simulated by an
image body so that in fact consideration is given to a model with a

double height H. The transverse vortices are directed parallel to

the lines forming the flat stern contour. The longitudinal vortex which
leaves the body from stern contour corners has the density equal to

the difference between the densities of vertical and horizontal vorti-

ces replacing the contour. Longitudinal vortices arranged in the deck
plane are parallel to the longitudinal axis of the hull. Calculations
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were carried out for the finite number of discrete vortices spaced
equally from the control points where the boundary condition is sa-
tisfied. The density of all vortices is defined from the system of

equations characterizing the boundary condition on the body surface
at control points. For the proper choice of the value of circulation
around the body, as with the known Joukowski condition in the wing
theory, a supplementary condition is introduced, viz. the density of

the trace vortices in all the points of the vortex sheet is the same
and equals to the density of the vortex shedding from the contour of

separation at the stern. Then the system of equations for defining

the densities r,,r_,r^ ... r takes the form :T 2 ' 3 n
n

Fk
k=l

E Fi (Si, Sj) + E F^ (Sp, Sj)! = F (Sj, /3,a,y)
(jj

P
P

where F. and F = induced velocities corresponding to transverse
and longitudinal vortices,

F = normal component of the free stream velocity,

00 = angular velocity of yaw.

Figure 2 shows the pressure distribution over the contour
of intersection of the model and the basic plane obtained by the calcu-
lation method for model 2 with the angle /9 =10°. The test results

on defining the pressure distribution at the same section of the model
are also plotted in the same figure. As is seen, there is a fairly good
agreement between the theory and experiment

As noted above, the aerohydrodynamic forces due to the air

cushion are the decisive factors for the longitudinal motion of the

ACV. One of the methods used for defining the steady and non-steady
aerodynamic forces is based on the measurement of forces acting

upon the model which performs the harmonic oscillations. When car-
rying out these tests in a wind tunnel the forces are evaluated which
are connected with the qualities of an air cushion and deformation of

flexible skirts above the ground board simulating the water surface.

In some cases the results of such tests can be used, for the calcula-

tions of the ACV movement above the ice surface.

Non- steady aerodynamic characteristics of ACV models
with built-in fans and flexible skirts are determined by using the ex-
perimental plant shown in figure 3. The principle of operation of this

plant consists in generating the definite harmonic oscillations for

the model and measuring the loads acting on this model with the con-
sequent determination of the lift and lateral moment derivatives ac-
cording to the kinematic parameters of motion. The plant is equipped

264



Determination of Aerohydrodynamia Performance of ACVs

with a mechanism of compensating for the model inertia forces and
with an electric harmonic analyzer for automatically defining and
recording the signal constant components which are proportional to

the required rotational and translational derivatives. The model is

mounted upside-down (figure 3) on two supporting pillars which make
reciprocating oscillations with arbitrary shift in phases with respect
to each other. Each pillar is supplied with a strain gauge which ser-
ves as a connecting link between the model and the oscillating pillar.

The distances to the ground board h; the trim angle ^ and
their first-order and second-order time derivatives h, ^ , h, y are
adopted as kinematic parameters defining the raodel aerodynamic
characteristics in the longitudinal plane. In linear approximation the

expansion of the vertical force or longitudinal moment as a series in

kinematic parameters has the form

R = R (h ,y ) + R^ (h , M^ ) . h + R'^(h , H^ )y+ R^ (h ,y )h ...
o o o' o o ^ o o ^ o o

(2)

+ R^'^Ch ^ ) y + R^ (h , 4^ ) h + R'f (h , ^ ) ^
o, o o o o o

where h^ k^ are mean values of height and trim in respect of which
the values h and <^ are changed.

The tests are carried out for two types of motion : transla-

tory and angular harmonic oscillations of the model where, with the

results of the model static tests also used, all the derivatives entering
into equation (2) can be determined. The values of rotatory and trans_

latory derivatives of the vertical force and the longitudinal moment
are determined and they are transformed to a dimensionless form
through dividing these by the model weight G or by the product GL.

As the dimensionless kinematic parameters the following factors are
used :

57,3 ' L3g

J,. ^ Qo -F- ^ Q^Q TjT, "^ Q o^- L2g ''-
L5 g2

^-
L4 g2
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where Q = air flow rate corresponding to the parameters

3
h , a* (m /sec)
o ^o ' '

g = acceleration of gravity (ra/sec )

The value Sh^= ^ ^should be adopted as the dimensionless crite-

rion of similarity which is similar to the known Strouhal number
(^ = angular frequency of oscillations). Then the dimensionless va-
lues of parameters K , vp

, H* , "H^ in equations (4) are the products
of the dimensionless amplitude of vertical and angular oscillations

and Strouhal number Sh^ or Sh».

Using the procedure described the tests were carried out for

three schematized models of ACV s with built-in fans. The scheme of

the sectional flexible skirt mounted on the models is shown in the

sketch (figure 3). The geometric characteristics of models are gi-

ven in Table 2. Figures 4-5 show some of the results obtained. The
curves in figure 4 illustrate the character of changing the factors

C„ I
rrvl , mH^ versus the dimensionless parameter Sh„at different

values of pressure factor Kp = p^ (Pp , Pn = pressures in the re-
ceiver and air-cushion, respectively) and air flow rate Q. It is typi-

cal that the external air velocity effect on the non- steady characteris-
tics is practically absent in the range of the examined actual relation-

ships of the contrary velocity head and the cushion pressure ( Fig. 5).

The curve in Figure 5 shows the influence of the bow fornn at the

fixed values of frequency and pressure factor upon the same charac-
teristics. It is obvious that the bow form influences mainly the mo-
ment characteristics.

The non-steady aerodynamic characteristics necessary for

the study of the ACV maneuvering in the horizontal plane are also de-
fined in the wind tunnel by the method of harmonic oscillations of the

model around its vertical axis and measuring the yaw damping moment
influencing the model. In this case the procedure of measurements
is similar to that described above. The experiments show that the

principal role in generating the damping moment belongs to the ver-
tical stabilizers and the hull effect on this moment is not significant.

It is observed that in some cases the damping moment on the hull-

stabilizer system decreases due to the adverse effect of the hull on
the stabilizers.

II . DETERMINATION OF HYDRODYNAMIC CHARACTERISTICS

In the towing tanks the tests are carried out to determine
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the main hydrodynamic characteristics of ACV s. In this case the mo-
del is usually subjected to the action of both the hydro-and-aerodyna_
mic forces. Then, depending on the test conditions, account is made
of either the results directly obtained by measurements, or the aero_
dynamic components are to be excluded with the use of data on the blo-

wings cf the model in the wind tunnel.

The most typical tests carried out in the towing tanks are
those with the towed models exhibiting the freedom of heaving and trim;

during these tests the resistance and kinematic parameters are mea-
sured in the longitudinal plane in calm water and in waves. The pur-
pose of such tests is not only in obtaining the propulsive performance
data but it is largely connected with the evaluation of dynamic proper-
ties of these vehicles. Thus the measurements carried out at diffe-

rent positions of the centre of gravity along the model make it possi-
ble to plot the positional curves against the trim angle and to judge
about the static stability depending upon the conditions of motion. The
same type of towing tests is the basis for determining the regions of

steady motion in the longitudinal plane defined by the influence of the

waves and speed.

Such experiments were carried out specifically on a series
of models with the particulars given in Table 2. In this case the re-
sistance and kinematic parameters were changed up to the critical

conditions preceding the development of plough-in. The curves in

figure 6 show the effect of the bow planeform on the relative resis-

tance —:— depending upon the running trim angle which is defined by
a given position of the center of gravity. It is seen from the curve
plotted for a cruising regime that the effect in question is observed
only with trim by the bow; in this case model N° 2 appears to be pre-
ferable. The advantages of a semi-round bow planefornn. manifest
themselves in waves too, as is seen from the curve of figure 7 w^here

the relative gain in resistance is presented for all three models in

waves.

The air flow rate effect examined on model N° 2 is typical

for this experiment. The curve in figure 8 shows the effect of the

dimensionless factor of air rate upon the relative resistance in waves

Q=- °

>n y[ 2 Pn
pwhere Q = air rate, m/sec;

Sn = area of the air cushion, m
Pn = pressure in the cushion, kg/m

267



ProkhoroVj Treshchevsky ,and Volkov

I t is seen that practically in all the cases the increase in the flow

air rate results in a decrease of resistance; in this case the supply
of air into the forward part of the air cushion, is the most favoura-
ble.

The curve of figure 9 serves as an example of plotting the regions of

stable motion. The relationships shown are the result of processing
the model N° 2 test data according to the evaluation of the limiting

regimes when plough-in is developing with the consequent loss in sta-

bility. The curve shows the favourable influence of increase in the

air flow rate at the bow centering, making it possible to delay the set-

ting of the critical regimes.

The definition of the non- steady hydrodynamic characteristics
which are necessary specifically for carrying out the calculations of

ACV heaving and pitching is based on the same methods used in a si-

milar case for displacement vessels. The linear character of the

restoring forces Y = -rf— and moments M^r -s^-^ defined experi-
mentally in the working range of the flying heights h and trim angle

Y for ACV with a flexible skirt gives grounds as a first approxima-
tion to proceed from the linear theory premises while defining the

non-steady characteristics. The tests are carried out on a plant

which makes is possible to perform in calm water the forced heaving
and pitching motions of the model; the plant is, equipped with strain

gauges and provides the recording of kinematics of motion. To define,

for example, the coefficients of inertia and damping forces by the

test results, the equation of the forced heaving motions is written in

the following way :

(M + Y^ ) y + Y^ y + — y = C (t Cos G^^ t-y),

3 h

where M = model mass,
C = rigidity of spring,

-1 = amplitude of disturbances,

6^ = frequency of disturbing force

Having experimentally defined the parameters of the forced motions
of the model in the fornn

y = A g,
^('k t-Sy)

w^here A = amplitude of oscillations of the model centre of gravity^

6 = phase shift between the translation of the model and the
y disturbing force.
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one can find the coefficients Y*^ and Y*^ and similarly the moment coef_

ficients characterizing the pure pitching motions M H^ and M ^. The
definition of factors characterizing the influence of pitching upon hea-
ving is possible provided that the vertical translations of the center

of gravity are recorded.

The experimental plant scheme and some of the results ob-
tained are given in figures 10-11. Depending upon the type of rope-
and-block connections provision is made for the translational verti-

cal ( var. 1 ) or angular ( var. 2 ) motions of the model and for re-
cording kinematic parameters on the oscillograph tape. In figure 11

the coefficients of inertia forces obtained by the above method are
plotted against frequency.

It is necessary to note that the aerodynamic characteristics
corresponding to flight over thev/ater surface are different from si-

milar characteristics of the model over the ground board. The diffe-

rence is obviously due to the influence of the water surface deforma-
tions and mass forces; it minimizes as the Froude number increases.

The experimental plant described was also used for the defi-

nition of damping and inertia characteristics which manifest themsel-
ves at non-steady motion of the model along the longitudinal axis; the

plant is switched on according to variant 3. As the test results show,
the forces determining the above loads are negligible for ACV inodels.

In the cases when during the tests in a towing tank the aero-
dynamic conaponents are so important ( in comparison to hydrody-
namic forces) that they cannot be neglected, it is necessary to

consider that the aerodynamic effect upon the model tested is not

fully simulated. This introduces some infinity in the results ob-
tained due to both the distorbed aerodynamic action and the effect

of this action upon the position of the freely towed model and
consequently upon its hydrodynamic characteristics in the total

forces and moments measured. In such cases the aerodynamic
components are excluded from tests in the towing tank and are de-
termined in a wind tunnel. The procedure of carrying out the ex-
periments of such kind is as follows : the model is rigidly fasten-

ed to the dynamometer which measures the lift, drag and longi-

tudinal moment of the model at the fixed values of height and trim
of the model. During the tests the measurements are carried out

in a prescribed regime. Then according to the same program the

tests are conducted on a model equipped with a working fan over
the ground board fixed under the model in a close vicinity to water
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surface and transported together with the model. The aerodynamic
forces to be excluded are deternained as the difference between
the results of the measurements carried out over the board both
underway and at a speed equal to zero in flight.

The specific behaviour of the ACV with a flexible skirt makes
difficult in some cases the use of traditional methods in calculating

the maneuvering qualities, dynamic stability and so on in terms of

the solution of equations of motion. The complexity and considerable
amount of tests necessary for defining the coefficients of the equa-
tions makes one use other methods of study. The determination of

transfer function's according to the required parameters in terms of

the experimentally defined frequency characteristics is considered to

be reasonable. These functions make it possible, as is known, to cal-

culate normal maneuvers of the object according to linear theory.

Besides it is important to have the possibility of directly evaluating

the behaviour of models in certain conditions, specifically, in dama-
ge situations. The tests with the both aims in view are carried out on

the experimental plant making it possible to simulate, in the main,
the conditions of the model free movement and in some cases to eli-

miiiate the necessity of carrying out the expensive tests with self-

propelled models.

The basic diagram of the plant is shown in figure 12. During
the tests the model is towed along the towing tank; it displays five de-

grees of freedom, i. e. vertical emergence, side displacement, hee-
ling, yawing and trimming angles; all the kinematic parameters are
recorded. In case of side displacement the model is relieved of iner-

tia and friction forces in movable units of the plant by means of a

special servo- system. The significant element of the plant is the sys-

tem bringing the towing force into coincidence with the model centre

line irrespective of the position of model relative to the tank axis.

Finally, in case it is difficult to arrange the drives of controls on the

model, the electric systems are provided for the plant which are ca-

pable to imitate the action of the controls, particularly, side force

controls, by prescribing the side force, yawing moment and heeling

moment in accordance with the required law.

Some test data obtained on the plant described are given be-

low. The studies were carried out on the ACV schematized model
N° 2 for the purpose of evaluating its course stability (with vertical

stabilizers mounted) and checking its other dynamic characteristics.

Figure 13 shows the relationship between the amplitude frequency

characteristic of the model for yawing angle at different speeds. It
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is seen that with the increase in Froude number the response of the

model increases up to the values Fr = 1. 10. The same figure shows
the variation of the relative amplitude of the model yawing angle at

fixed frequency and speed as dependent on the pressure factor of the

air cushion K .

P

Some damage situations with the same model were studied,

particularly, the transition process at first instants after suddenly
applying the yawing raoment, which may be the consequence of a spon-
taneous reverse or failure of propellers at one side of the model. It

is seen from figure 14 how kinematic parameters of motion are chan-
ging after the instantaneous application of the rolling moment (induced
for example, by the breaking of the flexible skirt along the side) until

the steps are taken to keep the ship in the upright position. This expe-
rimental plant makes it possible to simulate the maneuver of course

-

keeping in this condition by applying the counter yawing moment imi-
tating the action of controls. It is typical for this case to set the mo-
del in a steady motion with a drift to the inclined side.

The condition that the towing carriage speed should always
be constant makes it impossible to simulate to the full extent the full

scale performance of the vehicle. However, this restriction is no bar-
rier to solving a wide variety of practical problems; in this case the

error is directed to the safe side.
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Figure 1 Vortex system of ACV's hull.
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Figure 3 Scheme of the plant for determining the

aerodynamic performance of ACV models.

1 - model
2 - ground board
3 - strain gauges
4 - mechanism of compensating for inertia forces

5 - electric motor
6 - phase shift regulation coupling
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Figure 6 Relative resistance versus running trim angle in calm
water

F =
V

"^ Nf^
= 1. 1

• • • model N° 1

AAA model N° 2

o o o model N° 3
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Figure 7 Influence of the running trim angle upon the gain in

resistance in waves ( wave length A = 2. 2 m, wave
height h = 0. 08 m

)

model N° 1

model N° 2

model N" 3
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G 0,2Q

0.10

0,0i 0,02 0.05 Q

Figure 8 Relative resistance in waves against the air flow rate

for different methods of the additional air supply (wave
length }^ = 3. 1 m, wave height h = 0. 08m) Fr = 1.10

o oo additional air supply into the forward part

00 air supply into the after part

• • • air supply along the perimeter of air cushion
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Figure 9 Influence of the relative air flow rate upon the longitu-

dinal stability of motion ( Fr - onset of plough-in

of the flexible skirt) for two positions of the center of

gravity along the model length (wave length A = 3. 1 m
wave height h = 0. 08 m; G = 80 kg; K =1. 25)
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Figure 12 Experimental plant for dynamic tests with the ACV
towed models in the towing tank.

1- system of unloading the movable units; 2 - system of brin-

ging the towing force into coincidence with a model centre line

3- system of imitating the external forces; 4- strain gauges

for recording the kinematic parameters.
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DISCUSSION

p. Kaplan
Oceanics Inc.

PlainvieWj New York^ U.S.A.

I think my comments with regard to experiments contain

some helpful information and also provide a warning with regard to

any expectation of prediction of dynamic performance of aiir cushion
vehicles from ordinary experiments in towing tanks. For one thing,

referring to the particular case, in which you used forced oscilla-

tion, the equation given on page 12 deals with the single degree of

freedom of heave motion. There is a pressure variation here and if

you actually wrote the equations involving both pressure and heave
motion coupled together, you would find that there is an effective

mass entering the system. The effective mass is dependent upon the

geometry of the plenunn system and certain aspects of the pressure
ratios, etc. The net result is that you have some reduction in the

effective mass. That is why you find what people are referring to as
a negative aided mass for ACVs, which may not be quite so. There
is a real physical mass, and there may be some hydrodynamic ef-

fective mass since the frequency dependence in Fig. 11 may be in-

dicative of that, but it also depends on how you look at the water sur-
face behaviour at low frequency and at high frequency and also at

low speed and at high speed. But that is not the point. The main
thing is that the pressure is influential, and that it should be ac-
counted for ; it should be measured and the equations for the system
should include it. Analyse that and then look at your resulting inertia

and the other terms. Correlate the results, and that is the way you
will understand what is happening with these vehicles.

Secondly, with regard to model tests, let us look at how you
scale. All naval architects are accustomed to scaling dynamic phe-
nomena in terms of Froude scaling and that is because certain para-
meter scales in that way. What is the most fundamental parameter
that determines the behaviour of any vehicle in response to a seaway
disturbance ? There are two, mainly : the natural frequency and the
damping. The natural frequency can be derived for any type cushion
system for an air cushion vehicle. It involves pressure ratios, i. e.

atmospheric to normal pressure that supports the system, and the

geometric height of the plenum.
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Pressure scales linearly, and the height scales linearly
;

atmospheric pressure is not scaled in any facility, at least it is not

scaled at speeds appropriate for ACV. The situation is such that if

you consider this effect, the natural frequency of the system is

scaled linearly while for Froude scaling it varies as the square root

of your scale ratio. Therefore you have shifted natural frequency
coincidence well out of proportion, depending upon your scale ratio.

In addition, the relative damping, that is the matter of so-called

relative to critical damping, also changes due to scaling because of

the operation pressure system. The resulting question is, what con-

sequence does this have upon the motion ?

Some results have been obtained based on analysis and simu-
lation work, and have been published in the open literature, on this

particular point. It shows the following. You can predict the vertical

acceleration responses from tests in waves at model scale at atnnos-

pheric pressure. Unfortunately the prediction is unconservative. You
think you are getting by with a certain acceleration, and if you work
out the equations which you validated by your original procedure to

correlate with your testing at non-scaled atmospheric pressure, you
then scale the atmospheric pressure to simulate real life and your
accelerations are larger. However I do not say that there is no busi-
ness for towing tanks in getting information for ACV. I do say there

is business for theoreticians, together with towing tanks, to get the

right information.

REPLY TO DISCUSSION

Vjacheslav N. Treshchevsky
Kryloff Research Institute

Leningrad^ U.S.S.R.

I am grateful to you for your comment. I would say that the

problems of scale effect which you mention are taken into acount

and special experiments have been and are being made in order to

exclude wide errors connected with the scale effect in various types

of experiments.

You mentioned the negative value of the term corresponding
to mass which is on one of the illustrations. It is difficult to explain

it quite correct, I think the reason of the phenomena is in the inter-
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action between the ACV hull, the air cushion and water surface. I

may add that this is stable experimental data and I have seen the cor-

relating results in a German paper.

I can add that frequency characteristic shown on Figure 11

being derived experirnentally includes the influence of all the factors

mentioned by Mr Kaplan (variable pressure, ACV's geometry). The
possibility of exact theoretical calculation of this characteristic
seems to be doubtful.

The use of model data in ACV dynamics isn't the subject of

the paper. Nevertheless the assumption of the linear character of

the natural frequency versus scale dimension is not obvious. As for

similarity criterion, the Froude number and dimensionless frequency
were used among others. The natural frequency and damping are
ACV's characteristics, determined by flight conditions.
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HYDRODYNAMICS AND SIMULATION IN THE CANADIAN
HYDROFOIL PROGRAM

R. T. Schmitke and E. A. Jones
Defence Research Establishment Atlantic

Dartmouth. N.S. Canada

ABSTRACT

Hydrodynamic aspects of the Canadian hydrofoil

progrann are discussed, with particular reference
to HMCS BRAS D'OR. Associated simulation stu-

dies are described and key results of BRAS D'OR
seakeeping trials are presented.

I. INTRODUCTION

For more than a decade the Canadian hydrofoil program has
been synonymous with the design, construction and trials of HMCS
BRAS D'OR^ ^(Figure 1). The recent suspension of trials and sub-
sequent mothballing of the ship make this an appropriate time for a

comprehensive review of design experience in the light of trials ob-

servations. This paper is particularly concerned with the hydrodyna-
mics of the hydrofoil system and associated simulation studies.

Factors governing foil system configuration and hydrodynamic
design are described, with some details of development experience at

the model scale and a thorough discussion of full scale trials obser-
vations. The raathematical models used in simulation studies are then

presented, and predictions of steady state and dynamic performance
are compared with trials data. The paper concludes with an analysis
of BRAS D'OR seakeeping trials.

II. FOIL SYSTEM HYDRODYNAMICS

System Configuration

Since its inception the Canadian hydrofoil program has been
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based on passively stable surface -piercing hydrofoil systems, there-
by complementing U. S. effort on automatically controlled fully-sub-
merged systems. The principal relative merits of each type are list-

ed below ^ '
. Fully- submerged systems offer :

a) a smoother ride in moderate to heavy seas,

b) higher lift-drag ratio,

c) lower foil system weight,

d) greater foilborne manoeuvrability,

e) retraction capability,

Surface -piercing systems offer :

a) inherent stability,

b) a wider range of foilborne speeds,

c) better sea -keeping at hullborne speeds,

d) higher potential for remaining foilborne in extreme seas,

e) greater tolerance to off-design loads, such as those im-
posed by towed sonar.

Successful contouring of large waves requires that the bow
foil respond rapidly to changes in immersion depth ; for satisfactory

following sea operation, the bow foil must also be reasonably insensi-

tive to wave orbital velocities. Together these requirements dictate

that the bow foil combine high rate of change of lift with draft, ^- ,

with low rate of change of lift with angle, .

da

The after foil, on the other hand, must have high —— to pro-

vide adequate damping of seaway-induced motions. Furthermore, -37—

must be lower than at the bow foil in order that downward heave dis-

placements cause upward trim. Since foil efficiency generally in-

creases with -?—- , a canard configuration is the logical result, with
a ex

the bow foil carrying as little weight as dynamically feasible.

A secondary but significant advantage of the canard configura-

tion is that it lends itself to a hull with very fine bow lines. This is

necessary for reduced pounding due to wave impact when foilborne and

is particularly important for the Canadian role with its emphasis
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on good hullborne performance and seakeeping.

The Sub-Cavitating Main Foil

In addition to providing adequate heave damping through high
——

, the main foil unit must provide roll stiffness without undue
heave stiffness. The BRAS D'OR unit (Figure 2) accomplishes this

by use of anhedral and dihedral surface -piercing elements at either

end of a fully- submerged main foil unit. The latter serves as the pri-

mary lifting element and, combined with the dihedrals, provides the

required characteristics with high efficiency. The upper anhedral
panels are highly cambered and twisted to develop high lift at take-

off. The anhedral tips are incidence-controlled to augment roll sta-

bility at low foilborne speeds and improve turning performance.

The theoretical tools required for hydrodynamic design of a

subcavitating foil system have been obtained by adding free surface

corrections to methods borrow^ed from subsonic aerodynamics. The
prevention of cavitation is the chief hydrodynamic constraint in sec-
tion design, and cavitati on-free operation above 40 knots necessi-
tates a departure from conventional low^ speed aerofoils to delayed-
cavitation sections such as illustrated in Figure 3. The design of the

particular sections used in BRAS D'OR is described in ^ ' . They
are highly efficient and provide an approximately uniform pressure
distribution when operating over a w^ide range of angle -of -attack in

close proximity to the free surface. The practical upper limits of the

delayed -cavitation regime are approximately 60 knots in calm
water and 50 knots in rough seas - the design speeds for BRAS
D'OR.

Full scale trials showed that in general the BKAS D'OR main
foil unit has successfully met its design requirements for high effi-

ciency, low -%T~ 3-i^d. high ^ . The only significant hydrodynamic
problems encountered were associated with emergence of the anhe-
dral-dihedral foil intersections at about 45 knots, which resulted in

lateral jerkiness even in calm water. There were two specific pro-
blems. The first was caused by intermittent ventilation of the dihe-

dral foils and anhedral tips and was countered by installing addition-

al anti -ventilation fences. The second was fundamental to the main
foil geometry and was more difficult to solve. It was due to increas-
ed roll and heave stiffness below the intersections, w^hen both the

anhedral tips and the dihedral foils become surface-piercing. It was
alleviated by reducing the mean angle -of -attack of the anhedral tips

by 2°. This increased main foil immersion and delayed the emerg-
ence of the anhedral-dihedral intersections to approximately 50

knots. The net result was a significant increase in riding comfort in
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small to moderate waves at speeds up to 50 knots.

Main foil cavitation was never observed during calm water
trials, even at 62 knots, indicating that section design met all ex-

pectations in this very important respect. No problems arose from
hydrodynamic interference between individual foil elements. How-
ever, both full scale trials and model tests at the National Physical
Laboratory show^ed that bow foil wake reduces main foil lift by ap-

proximately 10% .

The Super -Ventilated Bow Foil

Operating conditions for the bow foil are demanding. At foil-

borne speeds in rough seas the bow foil is subject to wide and rapid

changes of both immersion and angle -of -attack. The hydrofoil system
is wholly area -stabilized longitudinally and the lightly-loaded depth-

sensitive bow foil is the primary source of control, so that smooth
lift vs. immersion and lift vs. angle -of -attack characteristics are es-

sential. Sub -cavitating hydrofoil sections are prone to ventilation in

rough water and the resulting sharp losses in lift at the primary lon-

gitudinal control element cause an unacceptable diving tendency ^^^
.

Superventilated sections are therefore used for the bow foil, despite

their lower efficiency. In this case, occasional suppression of ven-
tilation gives sharp lift increases, but unlike the converse situation

with subcavitating sections this is an inherently safe effect.

The BRAS D'OR bow foil is of diamond configuration (Fi-

gure 4) with a sub -cavitating centre strut and super -ventilated di-

hedral and anhedral elements. Tulin Two-Term lower surfaces '^^

were chosen for the super -ventilated sections (Figure 5) because

these appeared to offer the best compromise between hydrodynamic
efficiency and structural strength. Design incidence is nominally 5"

above zero lift (as established by model tests), and rake angle of the

unit is adjustable in flight to permit operation at optimum incidence

for the prevailing sea condition.

Little information was available on the practical operation of

surface -piercing super-ventilated hydrofoils, so that extensive ex-

perimental development was necessary. Model size had to be as large

as practical to minimize scale effects : consequently, the bulk of the

work was done at quarter scale, taxing the limits of available towing

tank facilities. The same bow foil was also used as part of a complete

quarter scale manned model of the system. A great strength of the

development progrann lay in the ability to test the same model both in

the controlled environment of towing tanks and as a functional unit in

realistic seaways.

296



Canadian Hydrofoil Program. Hydrodynamias and Simulation

A major concern of the experimental program was upper sur-
face design, with the objective of inhibiting and controlling intermit-
tent flow reattachment. The leading edge was made as fine as practic-
able and, to enforce reattachment to occur in stages and hence re-
duce the severity of accompanying lift increases, two additional break
points were incorporated in the upper surface, at 66% and 87% chord.
A major problem of the initial manned model trials was that the an-
hedral foils served as fences to inhibit the spread of ventilation down
the dihedrals, leading to cyclic pitching at speeds close to intersec-
tion emergence. This was overcome by adding another large upper
surface spoiler to the anhedral sections in the neighbourhood of the

intersection.

The most comprehensive set of quarter scale towing tank data

was obtained at the National Physical Laboratory (NPL) under
Froude-scaled conditions, providing good definition of bow foil cha-
racteristics. (Figures 6 and 7). Data points have been coded to show
the spanwise extent of leading edge ventilation down the dihedral foils

from the upper surface. (For all test conditions of interest, the ca-
vities behind the midback spoilers remained consistently ventilated.)

Spanwise extent of leading edge ventilation is indicated by the degree
of openness of the points, e.g. :

100 % fully open

50 % 50% open

0% fully closed •

Figure 9 shows that the lift-curve slope decreases gradually with in-

creasing rake angle as ventilation spreads down the leading edge of

the dihedrals.

The most interesting quarter scale tank tests took place at

the Lockheed Underwater Missile Facility (LUMF) , where both ca-
vitation and Froude numbers were scaled. Cavitation scaling was
found to have no significant effect on flow state, lift or drag. An
equally significant finding was that lift values obtained at NPL were
much higher than at LUMF (Figure 8). These differences were later

shown to be due in large part to deterioration of the foil surfaces and
leading edges during the time interval between the two series of tests.

It was possible to estimate full scale bow foil lift characteris-
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tics by direct observation of depth of immersion. Figure 9 shows the

steady state lift coefficient (based on horizontally projected immersed
area) of the bow foil unit over the foilborne speed range. The full scale

lift coefficient falls \vithin limits established by quarter scale model
tests at NPL and L.UMF except at low speeds. For these, leading

edge ventilation extended only partially down the span of the dihedral

foils at quarter scale but w^as complete at full scale, giving lower lift

but more stable flow.

The inhibiting effect of the outboard intersections was clear

at quarter scale. The dihedral foils ventilated from the mid-back
spoilers under most conditions, but the intersections, acting as fences,

prevented the initiation of leading edge ventilation until they emerged.
It almost invariably occurred on one foil at a time since the associat-

ed loss of lift caused the intersections to re -immerse, inhibiting the

second dihedral more strongly. At full scale, initial establishment of

leading edge ventilation on the dihedrals still appeared to be associated
with emergence of the intersections, but invariably occurred simulta-

neously on both dihedral foils. Effects were less clear but full scale

ventilation certainly occurred more readily and more strongly than

indicated even by LUMF quarter scale tests at correctly scaled

Froude and cavitation numbers. This was due at least in part to the

fact that full scale trials were seldom held under really calm condi-

tions, the practical limit for "calm" water being set at waves 3 feet

in height. Occasionally, during take-off in exceptionaly smooth seas,

leading edge ventilation was delayed until ship speed approached 40

knots ; during this interim period, pitch angles of up to 9° were ob-

served. This situation was easily overcome by increasing speed or

bow foil incidence until leading edge ventilation occurred.

Bow foil rake angle optimization trials showed that a strong

and persistent ventilated cavity was achieved in calm water at the

design rake angle setting (0°). In rough water optimum rake angle

varied with heading to the sea ; suitable flow and ship motion charac-
teristics were generally achieved in head, beam and following State 5

seas at rake angles of -1°, 0° and 1 l/2° respectively.

In short, steep seas, flow re -attachment sometimes occurr-

ed on the bow foil dihedrals during deep immersion at the face of

larger waves. The resulting discontinuous increase in lift gave added
impetus to bow up pitch motion. As depth of immersion decreased at

the rear wave slope, ventilated flow was re-established, accompanied
by a sudden decrease in lift. Oscillograph records of vertical accele-

ration during these periods exhibit a sharp positive and negative spike

followed by a return to normal acceleration levels as the ship encout-

ered waves of more typical size and normal ventilated flow was re-
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established. Because these vertical acceleration spikes were an im-
portant source of motional discomfort, an objective of future develop-
ment must be to improve ventilation stability at extreme depths of

immersion.

Foilborne sea time has not been sufficient to enable firm and
quantitative conclusions to be drawn regarding the suitability of bow
foil -^r— and -4^ for rough water operation. However, the ship never
experienced difficulty in following seas, while pitch response to head
and bow seas was high. It seems probable that a reduction in ^

*- of

about 20% would result in lower vertical accelerations without com-
promising stability.

A high drag penalty is paid for using super-ventilated sec-
tions. The philosophy adopted during BRAS D'OR design was that

this condition could be tolerated since the bow foil is primarily a con-
trol element carrying only 10% of total ship weight. However, trials

and model test data indicate that approximately 3 0% of total foilborne
drag is due to the bow foil. In addition, the high bow foil drag makes
fuel consumption, and hence range and endurance, extremely sensi-
tive to longitudinal C. G. location.

BRAS D'OR sea trials have therefore specified three objec-
tives for future super -ventilated bow foil development : reduction of

drag, optimization of -3-r- and ^
^ for rough sea operation, and im-

provment in ventilated flow stability. These are important conside-
rations, but are secondary to the demonstrated success of the super-
ventilated bow foil unit in stabilizing, controlling and steering the ship
over a wide range of speed and sea conditions.

III. SIMULATION

Hydrofoil simulation in Canada began with the extensive and
comprehensive studies carried out by the DeHavilland Aircraft of

Canada Ltd. in support of BRAS D'OR design ^ ^^
. These studies

were subsequently supplemented at the Defence Research Establish-
ment Atlantic I 68 ) ^ with the objective of achieving simple methods
applicable to all surface -piercing hydrofoil systems. It is largely
upon the latter work that this section of the paper is based. Four
topics are treated : the general equations of motion for surface -pierc-
ing hydrofoil vessels, prediction of steady state performance, analysis
of calm water stability and analog simulation of random seas. Because
of the close similarity to aircraft practice, descriptive material is

kept to a minimum.

299



Sohmi-tke and Jones

Equations of Motion for Surface -Piercing Hydrofoil Ships

The equations of motion listed below are written with respect

to the axis system illustrated in Figure 10. The origin is at the C.G,
and in the reference condition of steady symmetric flight in calm
water at speed Uq, the x-axis is directed horizontally forward, the

z-axis vertically upward and the y-axis to port. The pitch angle

is positive for downward rotation of the bow.

Pitch : l^'d = 2 (-L.X. cosT. - D.z. + M. cosF.) -
Y ^11 1 11 1 1

T (x^ sin7 - z^ cos 7 )

(1)

Heave :

• •

m (w - U 6) = 2 L. cos T. + Tsin 7 - W (Z)
o 1 1

Surge: m(u-ge) = T cos 7 - 2D. (3)

Sideslip : m (v + U r + g0) = - 2 L. sinF. (4)
o 11

Roll : I (^ = 2L. (y. cos T . + z. sini;) (5)
X 11 1 11

Yaw : I r = 2(D.Y. - L.x. sin T . + M. sini:) (6)
Z 1111 1 1 1

where summation of lift (Lj), drag (Dj^) and pitching moment (Mj^)

is over all foil and strut elements, individually located at {a.^, y^, Zj^).

W is all-up-weight and the line of action of thrust (T) passes through

(x-p , z-p ). The following sign convention is adopted for dihedral and
anhedral angles :

for a port dihedral foil of angle ^ t^-d ' ^- ~
^r»T3

for a stbd. dihedral foil of angle F , F. = F
^ DS 1 DS
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for a port anhedral foil of angle ^\-d ' ^- ~ ~ ^
'J)

AP

'

i AP

for a stbd. anhedral foil of angle F ,

Ao
r = r
i AS

Lj^ , Dj^ and Mj^ may be evaluated by the xnethods of References [9J,

[10] ,
[ll] and [IZ] .

Steady State Performance

In the steady state, equations (1) to (3) become

^(L.x. cos r. + D.z. - M. cosT.) + (x cotT - z )^11 1 11 1 1 T T

(8)

2D.
1

2L cos r + cot 72D = W (9)
i 1 1

Since dynamic pressure is constant L^ , D^ and Mi are

functions of immersion depth (h) and angle -of -attack (a) alone.

For an all-fixed foil system, furthermore, knowledge of h and a

for a single foil element enables all other h's and a 's to be de-
termined. Hence (8) and (9) contain only two unkno'wns : h and a

of a reference foil element. Because of the non-linear nature of these

equations the solution must be obtained by an iterative technique.

Figure 11 illustrates the accuracy obtainable using the above
procedure. Predicted curves of BRAS D'OR trim, keel clearance
and w^eight- drag ratio are presented, along with trials measurements
of these quantities. Estimated measurement accuracies are i%
for trim, i 1 ft. for keel clearance and J: 1.5 for W/D. The ac-
curacy of the resistance prediction is of particular importance ; the

fact that measured drag is higher than predicted is probably due lar-

gely to the one to three foot waves encountered during most calm
water trials.

Calm Water Stability

Foilborne stability in calm water is most easily assessed by
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solving the linearized equations of ship motion. Linearization of (l)

to (6) results in the following two sets of three coupled linear ordi-

nary differential equations :

Longitudinal

(10)

Pitch : I„^ = Mu + Mz + Mz + (M, + U M ) ^ + M ' ^Y u z w 0OW "

Heave :mz =Zu + Zz + Zz + (Z„+UZ)0+ Z^d (11)
u z w 6 o w y ' '

Surge : m(u-g^) = Xu + Xz + X z + (X„ + UX) ^ + x!
e

(12)

Lateral

Sideslip : m(v + Ur + g<^) = Yv + Yr + Y*</> + Y ,0 (13)

Roll : I<^=Kv + Kr+K'0+K</> (14)
X V r (p <t>

Yaw : Ir = Nv + Nr+ N»0 + N </> (15)
z v r </) (p

where

i

t

z = / (w - U ^) dt (16)
o

and the stability derivatives M^ , M2 etc. are listed in the Appen-
dix.

The longitudinal modes of motion characteristic of passively-

stabilized surface-piercing hydrofoil ships consist of a lightly damp-
ed oscillation governed by ship pitching characteristics, a heavily

damped oscillation related to heave and a simple convergence arising

from surge -heave -pitch coupling. These are termed the pitch, heave
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and coupled subsidence modes, respectively. For canard configura-
tions, the coupled subsidence mode is always stable, but in airplane
configurations instability may result from adverse heave -pitch coupl-
ing. Neither the pitch nor the heave modes are significantly influenc-
ed by surge.

Root locus plots showing the effect on BRAS D'OR's longi-
tudinal modes of varying speed are presented in Figure 12. Longitu-
dinal dynamics are dominated by the lightly-damped pitch mode in

which the damping ratio decreases and natural frequency increases
with increasing speed ; this mode's characteristics are a direct result
of the bow foil's design, which combined high ^ |- , with low ^

^
.

Similarly, the characteristics of the heave mode follow from the com-
bination of low -i-r- with high ^ *-

. in the main foil,on ^ da

Generally speaking, three modes of lateral motion may be
distinguished for passively- stabilized surface -piercing hydrofoil ships
(Figure 13) : a rapid convergence of little importance, an oscillation
governed by ship rolling characteristics, and a slow convergence
arising from sideslip-roll-yaw coupling.

Simulation of Random Seas

In Equations (l) to (6) a seaway acts as a forcing function
through the variation of foil immersion depth and angle -of -attack with
wave elevation and orbital velocity. The simulation of these seaway
variables is now discussed.

The Pierson-Moskowitz spectral form is chosen as a model
of the sea ' >

. The equation for the wave elevation power spectral
density is :

*(a,^ = -""g'g"
exp -.74( «

) (1?;
(jO

where V is wind speed. Significant wave height is given by :

V 2 (^8)

for V in knots.
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Consider now the case where a hydrofoil ship is travelling at

speed Uq into a head sea. The wave elevation spectrum, expressed
in terms of frequency of encounter, is

4>- ( a,') =_±1^±L_ (19)

1 ,

2Uo^

with a similar expression holding for the transformed orbital velocity

spectrum, <i)^ ( ^j').

2

«• = CO + " ^o (20)
g

is the angular frequency of encounter. $' and 4>^ are plotted in

Figures 14 and 15 for Uq = 50 knots and V = 24 knots (Sea State

5).

The white noise technique for simulating a random head sea
will now be described. The basis of this method is that a signal with
a prescribed spectrum can be generated by passing white noise of

spectral density <J>q through a linear filter so designed that the

square of its frequency response, H (oj), has the desired shape.

Filter output is, then.

«i> (cj) = H ( co) <!> (21)
1 1 o

In particular, the generation of waves with spectrum <!>' can be ac-
complished using a filter network consisting of three high pass filters

and two integrators ; the approximation to <i>' which is thus obtained

is shown in Figure 14. Taking the vertical orbital velocity to be the

input to the last integrator multiplied by a suitable constant results

in the approximation to 4>' shown in Figure 15. Proper phasing bet-

ween wave elevation and orbital velocity has been achieved, while

also obtaining good approximations to the spectra.

In head seas the waves seen by the main foil lag those at the
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bow foil by

Ar=-i:^_L (22:

where t is the foil base length. Over the frequency range of interest,

A r can be very w^ell approximated by a time lag and constant phase
lead (Figure 16) :

AT = T w' - A<^ (23)

A block diagram of the head sea sinaulation systenais shown in

Figure 17. Results derived from simulating BRAS D'OR foilborne

motions in rough water are presented in the next section ; surge was
neglected in this simulation in order to simplify the problem and also

because it was felt that neglecting surge should give conservative

results. (Consider the case where the bow foil encounters a steep

high wave, leading to a rapid increase in bow foil immersion depth.

In practice a speed reduction of several knots occurs, and the attendant

dynamic pressure decrease results in lower lift and accelerations than

on the simulated, constant speed ship.
)

IV. BRAS D'OR FOILBORNE SEA -KEEPING TRIALS

BRAS D'OR rough water trials were less comprehensive
than desired, but enough data were obtained to enable comparison of

measured characteristics w^ith predictions and to reach general con-
clusions about sea-keeping ability. Data will be presented for three

key trials, two in Sea State 4 and one in Sea State 5. The wave eleva-

tion power spectral densities measured during these trials are shown
in Figure 18 and are compared with the Pierson-Moskowitz theoretical

spectra for Sea States 4 and 5 (significant wave heights of 7' and
10'). Wave measurements were made by a buoy equipped to measure
vertical accelerations and are admittedly inaccurate, due partly to

limitations of the buoy itself and partly to the practical difficulty of

making a single measurement representative of rapidly changing con-

ditions in a trials area close to the coast.

The variation of root mean square values of longitudinal ship

motion parameters with heading to the sea is shown in Figure 19 for

an average speed of 3 9 knots. These values do not exhibit the system-
atic increase with sea height that one would expect, probably because
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of different sea energy distributions. For all three seaways there are
similar trends with change of heading : vertical accelerations are high-
est in head and bow seas and lowest in following seas, while pitch

angle shows the opposite trend.

The longitudinal distribution of vertical accelerations is in-

dicated in Figure 20, the points representing average root mean square
values for the three sea trials. The most interesting feature of these

plots is the comparatively small change in vertical acceleration along

the length of the ship, illustrating the well-controlled pitch response
of this canard configuration, with its special bow foil.

Figure 21 compares predicted and measured root mean square
vertical accelerations at the bow. The predictions were derived from
analog simulation of pitch and heave motions in a theoretical head Sea
State 5 with significant wave height of 10. 7 feet, while the measure-
ments were obtained during head and bow sea runs in Sea States 4

and 5. Predicted acceleration levels are higher than measured, re-

flecting the higher theoretical sea state and perhaps to some degree,
supporting the intuitive argument that neglect of surge is a conserva-
tive simplification of the simulation problem.

Figure 22 presents typical power spectral density plots of

vertical acceleration at the bow and pitch angle for head sea runs at

speeds of 34 and 42 knots. Also given are the corresponding spectra
for the encountered seaway, derived from the nominal Sea State 5 plot

of Figure 18. There are two dominant seaway frequencies, and al-

though the effects of both are clearly apparent in the pitch angle plots,

pitching is associated mainly with the lower frequency. Pitch response
falls off with increasing speed, particularly at the lower frequencies.
Bow vertical acceleration peaks at the higher seaway frequency ; the

magnitude of this peak increases with speed and there is also a shift

in the energy distribution toward higher frequencies.

The response transforms of Figures 23 and 24 quantitatively

characterize BRAS D'OR's pitch and heave response to random head
seas at speeds of 3 5 and 40 knots. Although the experimental results

are scattered, reflecting inaccuracy of sea state measurement, sys-
tem non-linearity and limited statistical confidence, they nevertheless
furnish a reasonable indication of mean ship response, as given by
the dashed lines in the Figures. Pitch response peaks at approxima-
tely .2 Hz, in agreement with the prediction of pitch natural frequency
obtained from linear stability analysis. Bow vertical acceleration res-
ponse is fairly flat above . 2 Hz, but falls off rapidly below this fre-

quency.
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Agreement between simulated and measured response trans-

forms is very good. These predictions were obtained by analog simu-
lation of pitch and heave motions in regular waves of small amplitude
- a procedure equivalent to linearization. The predictions of Fig. 21,

on the other hand, were obtained by simulating ship motions in a ran-

dom State 5 sea generated as described in Section 3. The regular

wave technique was adopted for response transform prediction because
it enabled more accurate modelling of the effects of circulation delay

and wave orbital velocity on main foil angle -of -attack. Bow foil flow

re -attachment and emergence of the main foil anhedral -dihedral in-

tersections, both of which occurred occasionally during trials but

never in the simulation, are probably the cause of the only notable

discrepancy, under-prediction of pitch response below . 3 Hz at 35

knots.

Roll and sway characteristics are presented in Figure 25 in

terms of rms values for lateral acceleration and roll angle, for the

three seaways of Figure 18. Lateral accelerations are given at two
ship stations, the CG and the Control Information Centre, located

comparatively high in the ship in the upper deck superstructure. As
with the pitch-heave characteristics given earlier, there seems to be

little effective difference between the state 4 and 5 seas. Roll angle

is very dependent on direction to the seaway, increasing greatly for

seas on and abaft the beam. The lateral accelerations exhibit a much
smaller dependence because the roll frequency decreases for beam
and stern seas.

The effect of heading on the frequency distribution is shown by
the power spectral density plots of Figure 26. These show lateral ac-

celeration at the CIC for head and following sea runs at 3 9 knots in

Sea State 5. The first peak is at the main rolling frequency and is due

to accelerometer tilt. For the head sea, in addition to the increase in

frequency of the main acceleration component, there is an increase
in level in the 1 to 2 Hz range. This is significant because lateral

"jerkiness" was considered the most uncomfortable feature of the ride,

especially at higher speeds and for higher stations in the ship.

The effect of increased speed is shown in Figure 27 by compar-
ing lateral acceleration at the CIC for head sea runs of 34 and 42

knots in the same Sea State 5. The effect of increased height within

the ship is particularly marked and is illustrated by Figure 28 which
compares lateral accelerations at the CG and CIC with the corres-
ponding roll angle plot for 3 9 knots in head Sea State 5. A very small

amount of roll angle energy above 0. 5 Hz seems responsible for real-

ly significant lateral acceleration at the CIC. The problem of lateral

acceleration amplification with height is clearly deserving of attention
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in large hydrofoil ship design.

It is difficult to relate seakeeping data directly to habitability

or to compare the capability of different systems, other than subjec-

tively. The behaviour of the BRAS D'OR canard system was well up
to expectation in seaways encountered, both for straight runs and
turns. There was a complete absence of slamming and motions were
modest, particularly in pitch and heave. Motions were almost certain-

ly greater for BRAS D'OR than for a comparable fully- submerged
system but less than for other types of craft with surface -piercing
foils. There were no particular problems for the crew when seated.

Personnel moving about and standing, tired quickly, mainly because
of the roll motions, but this situation would not arise in an operation-
al ship.

For BRAS D'OR, a deciding factor in the choice of foil sys-

tem was the exceptional huUborne seakeeping offered by the canard
surface-piercing arrangement. For the tasks envisaged, the habita-

bility is more important under hullborne cruise conditions than for

short periods of foilborne operation. Experience with BRAS D'OR
supports the contention that foilborne motions are acceptable for con-
tinuous periods of several hours and has confirmed the promise of

exceptionally good hullborne seakeeping '
'

V. CONCLUSION

The Canadian hydrofoil program has significantly advanced
both the performance and the fundamental understanding of surface

-

piercing hydrofoil systems designed for open ocean operation ; the

development of a successful super -ventilated bow foil unit is especial-
ly noteworthy. As regards simulation, the extension of aerodynamic
methods into the hydrofoil field has proved reasonably successful,

yielding satisfactory predictions of both steady state and dynamic per-
formance ; of particular importance is the good characterization of

BRAS D'OR pitch and heave response derived from a linear mathe-
matical model.
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APPENDIX

STABILITY DERIVATIVES

Stability derivatives are listed below for a single foil element,

using the sign convention of equation (?) . Summation of a given ex-

pression over all foil elements gives the total ship stability derivative.

Longitudinal

X T ^^o ^S

X_ = q ( C
as

D dh
+ s

dh

X ^ s COS r ( Cj^ - cj
a

r) C
I r ^S D .

^ "i ^ ^D -dTT^ ^ -d^^

^;
=
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M = - pU SC^ z. - Z X
u o D 1 u 1

r) C
M = X z. - Z X. - q ( cS -^ + C,, -4^ ) cos F

z zi zi ^' dh M3h

M = X z. - Z XW W 1 W 1

fiC

M. = X.Z. - Z.x. + qx. (cS -^^ + C^^ -^^^)cos T

2 C^z. + X. cos r (C_ - C )1 z -Z*x.
[ D 1 1 ' D^ Lj i ^ 1

where the derivation of X„ and X^ assumes constant thrust horse^U (7

power.

Lateral

^v = - ^ ^ ( ^L ^'^ ^ ^ ^D^
a

pU
Y^ = — S ( C^ y. sin T + C^z. - C^y. tan A

)

a

Y = — S ( 2 C^y. sin r - C, x. sin T - C^x.)
r 2

' L 1 L 1 D i'

a

K = -Y z. + ^^ o S ( C, y. tan A + C, y. sin T
V VI 2 L 1 L 1

a

cos r )

C y.y. cos F
)

1-1 1 i
a
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K = -Y z +
pU

r 1 2
tan A + y. cos F

Kw -\\ + q

( C^ X. sin r - 2 C y )1

^i
'"'

•'(^L-H-^ s
'""^

d(t>

+ sc

^ _
ay.

N

N.

N

N,

Y X.
V 1

pU

u

£ d~f

S y. sin r ( C^ - C^
)

Y-^x- +
—^~ S y.y. ( C^ - C

)4> i 2

pU
Y X. - -—^ s y.
r 1 2 'i

1 1 L D

^ ^T " ^r» )x. sin r + 2C y
-L> iJ 1 D ia

Xi>
X- + q c^

{ y -^ + s —-

)

where S is immersed foil area, A is sweep angle and

y. = y. cos r + z. sin T11 1
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Figure 6 Quarter scale lift data (NPL)
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Figure 10 Axis system
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Figure 22 Power spectral densities, sea State 5
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DISCUSSION

Christopher Hook
Hydrofin

Bosham, Sussex^ U. K.

I listened to the two papers by MichaelEames given recently

at the Royal Institute of Naval Architects in London and I make no
apology for repeating here the specific question I put to Eames at the

end of his second Paper.

In the discussion of hydrofoils in England there has been a

lot of talk about resonance and I asked Mr. Eames specifically if in

the course of the development work on the Canadian boat they had ever
encountered any resonance phenomena, because whether the damping
system be a diamond foil working basically on the Grunberg principle

or a mechanically highly damped system, the resonance effects are
going to be directly connected with the amount of damping. If the

speaker would enlarge on this I think it would be of interest to all the

listeners.

REPLY TO DISCUSSION

Rodney T. Schmitke
Defence Research Establishment Atlantic

Dartmouth^ Nova Scotia^ Canada

Figures 23 and 24 show that BRAS D'OR's pitch response
peaks at approximately . 2Hz, the natural frequency of the ship in

pitch. Response is fairly broad, however, and the pesik is not pro-
nounced (low Q), so there is no resonance problem.
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DISCUSSION

Reuven Leopold
U.S. Navy Naval Ship Engineering Center

Hyattsville^ Maryland^ U.S.A.

I have some comments and questions. Could a marginally
stable configuration be predictable to be stable by not accounting for

surge and thus lead to a bad foil configuration design choice ? The
Paper states on page 16 :

". . , surge was neglected in this simulation in order to sim-
plify the problem and also because it was felt that neglect-
ing surge should give conservative results. "

In a paper titled "The effect of surge, added mass and un-
steady lift on the motion of a hydrofoil boat in a seaway", which I

wrote about 10 years ago, I showed that foil configurations which were
stable became unstable once the surge was taken into account.

REPLY TO DISCUSSION

Rodney T. Schmitke
Defence Research Establishment Atlantic

Dartmouth^ Nova Scotiaj Canada

In answer to the question, the surge was taken into account
in doing stability analysis and the configuration was found to be stable
(Figure 12). Furthermore, in all my work on this type of configura-
tion I find that the only contribution of surge is a very slow subsidence
and it does not seem to couple into the pitch and heave motions signi-
ficantly.
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DISCUSSION

v.s.

Reuven Leopold
Navy Naval Ship Engineering Center

Hyattsvillej Marylandj U.S.A.

Page 2 states that the bow foil, as the main control mecha-
nics, leads to high ^L/Bh for contouring of large waves ; however,

high lift versus depth slope for rough seas results in high vertical ac-

celeration. For the purpose of not losing momentary control in rough

seas and cause diving, the superventilating bow sections are used,

which in turn introduce additional drag. The question is this : while

reduction of drag and the improvement in ventilated flow stability are

definite objectives in all operating conditions, the requirements for

^L/^h are different at low frequency - that is calm seas - than at

high frequency - that is high sea states. The gain on ^L/c3h is fixed

for a constant speed and could not be modulated unless automatically

controlled surfaces were introduced. How does the author propose to

optimize ^L/c^h for rough seas without compromising calm seas ope-

rations ?

REPLY TO DISCUSSION

Rodney T, Schmitke
Defence Research Establishment Atlantic

Dartmouth^ Nova Scotia^ Canada

The essential compromise is not between rough sea and calm
water operation, but rather between head seas and following seas. Op-
timization of ^L/^h for head sea operation must of course be subject

to the constraint of providing adequate stability in following seas. This

constraint indeed limits the extent to which SL/^h may be altered, but

we feel that at least a slight reduction is feasible and will result in

improved motions. We should point out that ^L/^h at a given speed

may be adjusted, albeit not greatly, by changing bow foil incidence.

Thus in head seas the bow foil is trimmed down, lowering ^L/Sh ,
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while in following seas incidence is increased, increasing ^L/^h
This technique was employed quite successfully during BRAS D'OR
sea trials.
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BENDING FLUTTER AND TORSIONAL FLUTTER
OF FLEXIBLE HYDROFOIL STRUTS

Peter K. Besch and Yuan-Ning Liu
Naval Ship Research and Development Center

Bethesda^ Maryland^ U.S.A.

ABSTRACT

A large body of experimental and theoretical flutter

results for hydrofoil struts were analyzed to deter-

mine significant characteristics. Flutter was found

to occur in two different structural mode shapes, cor-
responding to a predominantly bending mode and a pre-
dominantly torsional mode, respectively. The flutter

mode shape was related to the vibration mode shapes
and the generalized mass ratio of the strut at zero
speed. The behavior of the hydroelastic naodes of ty-

pical struts as a function of speed was investigated

using a strip theory with three-dimensional loading mo-
difications. Flutter predictions for struts which under-
went flutter in the tor sional mode were usually conser-
vative and predictedthe correct mode shape. Howevery
flutter predictions for struts which underw^ent flutter

in the bending mode were unreliable in predicting the

mode of flutter because of an extreme sensitivity to

the loading modification used. Strut-foil systems of

the inverted-T configuration typical of full -scale hydro-
foil craft appear to undergo either bending flutter or

torsional flutter, depending on pod and foil character-
istics.

I. INTRODUCTION

The high speeds associated w^ith many unconventional ships will

require a better understanding of flutter and other hydroelastic phe-
nomena than has been available for design of existing ships.
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Prominent among unconventional ships are hydrofoil craft and surface
effect ships. Flutter is a recognized problem for the strut-foil systems
of hydrofoil craft. The rudders contemplated for surface effect ships
may be similarly vulnerable.

Much research has been done on the flutter of strut models
analogous to the above systems. The initial demonstration of strut

flutter was made by Hillborne[l]in 1958. Further experimental work has
often been accompanied by difficulties, including models that wouldn't
flutter, models that were destroyed by flutter or divergence, and facil-

ity limitations. Numerous theoretical analyses have been produced, but
none has been successful in predicting all experimental results conser-
vatively.

Out of these efforts have come many clues to the nature of strut

flutter. By combining previous results with some recent experimental
and theoretical work we have produced a concept of flutter involving
two different flutter regions. This paper will discuss existing flutter

data from the standpoint of two flutter regions, and will present cal-

culations which indicate the origin of the two regions. The expected ac-
curacy of flutter speed predictions within each region will be described.

Existing data deals with a large number of simple struts, and a

small number of struts with tip pods, some with foils fornning an in-

verted-T configuration. A sample configuration is shown in Figure 1.

All tested configurations have been small-scale models. Most discus-

sion will be devoted to simple struts and struts with pods. One strut

with foils has been included.

All struts were cantilever supported from an effectively rigid

foundation, so that the structural characteristics of the system were
those of a cantilever beam in which both bending and twisting could

occur. Because of the relatively high aspect ratio and thin profile of

the struts, bending consisted of displacements perpendicular to the

plane of the strut, while twisting occurred about a spanwise elastic

axis. Vibration modes of the struts consisted of a series of modes
which could usually be identified as predominantly bending or predo-
minantly twisting or torsion.

The mode shapes of the struts at flutter inception could also be

characterized as predominantly bending or torsion. In most cases,

struts displayed either bending or torsional oscillations at flutter.

FlJ References are listed on page 393
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This was the basis for dividing flutter phenomena into two regions.

Flutter in one region occur ed in a predominantly bending mode shape,

and will be referred to as bending flutter. Flutter in the other region

occurred in a predominantly torsional mode shape, and will be referr-

ed to as torsional flutter.

It appears that all hydrofoil struts, including those with pods

and foils attached, undergo either bending flutter or torsional flutter.

The type of flutter characteristic of a given strut can be determined by

examining its vibration modes, except in a transition region where
strong coupling of structural modes occurs. Most available data can be

readily placed into the appropriate flutter regions.

Experimental results from each flutter region were examined
separately. The two flutter regions corresponded to two ranges of ge-

neralized mass ratio. In the bending flutter region, struts had low va-

lues of generalized mass ratio, while struts in the torsional flutter

region had high values of generalized mass ratio. Flutter speed varied

differently in each region as a function of mass ratio or strut submer-

gence, a related parameter.

Calculated flutter characteristics show substantial qualitative

agreement with observed characteristics. Flutter was found to occur
in a different hydroelastic mode in each flutter region. Predicted flutt-

er inception speeds for torsional flutter were conservative for most
struts, with many predictions being overconservative. Unfortunately,

flutter speed predictions for bending flutter were not usable because
two flutter modes were often predicted to be unstable in the bending

flutter region, with the wrong mode predicted to be the least stable.

This discrepancy was related to an extreme sensitivity of the flutter

calculation to hydrodynamic loading modification in the bending flutter

region.

II. EXPERIMENTAL FLUTTER CHARACTERISTICS

II, 1. Bending-Type and Torsion-Type Struts

The flutter mode of a strut is strongly correlated with the nature

of the vibration modes of the strut in air or in water. It is therefore

convenient to define a method for classifying struts according to im-
portant differences in vibration modes. Strut mode shapes are those of

a cantilever beam, with bending displacements perpendicular to the

plane of the strut and torsional rotations about a spanwise elastic axis.

Mode shapes are designated by their similarity to the uncoupled mode
shapes of a cantilever beam. Some uncoupled mode shapes are shown
in Figure 2, numbered in order of increasing frequency.
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All struts exhibit a fundamental (lowest frequency) vibration

mode shape resembling first bending. Struts show a marked differ-

ence in their second modes, however, permitting struts to be divided
into two groups. The second mode of any strut will consist of a second
bending mode coupled with a first torsion mode, with one usually pre-
dominating. Predominance is determined by the relative linear dis-

placements produced by bending and torsion, which provide an indicat-

ion of nodal line characteristics. If the second vibration mode is pre-
dominantly second bending, the strut is a bending -type strut. If the

second vibration mode is predominantly first torsion, the strut is a

torsion-type strut.

Struts having little or no tip weighting are usually bending -type

struts. Struts having relatively heavy pods are usually torsion-type

struts. A transition region exists in which the second vibration mode
of a strut is equally due to a second bending mode shape and a first

torsion mode shape, with neither predominating. Struts in this tranr-

sition region have moderately weighted pods or medivim to large foils.

The effect of foils in coupling second bending and first torsion is very
pronounced when the foils are submerged due to the large rotary iner-

tia effect at the tip of the strut. When such strong coupling occurs, it

is impossible to classify the strut as bending-type or torsion-type.

In most cases the third vibration modes of bending-type struts

are first torsion, while torsion-type struts have a third vibration

mode resembling second bending. This observation indicates that a

change in strut type usually involves a reversal in the order of the

second and third mode shapes.

Most struts have the same mode order in air and in water. If

there is a difference, the mode order in water should be used for

classifying a strut. Either measurement or calculation can be used
to determine the required mode shapes.

II. 2. Flutter Mode Shapes

The flutter mode shapes of bending-type struts are radically

different from those of torsion-type struts. Bending-type struts under-
go flutter in a predominantly first bending mode shape, while torsion-

type struts undergo flutter in a predominantly first torsion mode
shape. In accordance with the flutter mode shapes, flutter of bending-

type hydrofoils will be referred to as bending flutter, and flutter of

torsion-type hydrofoils will be referred to as torsional flutter.

The two types of flutter mode shapes have not been quantita-

tively measured, but were discovered because the very striking dif-
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ferences in mode shape were visually observed. Differences in flutt-

er mode shapes were reported by Huang |_2J as a result of flutter test-

ing a strut with and without a heavy pod. The bending amplitude of the

strut alone was reported to be considerably larger than the torsional

amplitude which was also present. When the pod was added, the tor-

sional amplitude became larger than bending.

A similar result was obtained in an experiment performed at

the Naval Ship Research and Development Center (NSRDC) in which

a bending -type strut and a torsion-type strut were flutter tested.

Both struts had been previously tested but mode shapes were not re-

ported. Motions of the struts were visually observed and recorded
on video tape. The bending -type strut. Model A of Reference 3, under-

went large first bending oscillations with little evident twisting. In

constrast, the torsion-type strut. Model 2T of Reference 4, displayed

first torsion oscillations with no visible bending.

In addition to a change in mode shape, a change in frequency

would be expected when the flutter mode changes. Several pod confi-

gurations for Model 2T were flutter tested[^4j , and a significant change

in flutter frequency occured when the strut changed from bending

-

type to torsion-type. Flutter data for this strut are plotted in Figure 3.

As the pod mass was increased and the pod center of gravity was
moved aft, an abrupt increase in frequency occured between pod con-

figurations A and B. Vibration modes calculated in water identify pod
configuration A as a bending -type model, while pod configuration B
gives strongly coupled second bending and first torsion modes for

both its second and third modes and therefore falls in the transition

region between bending -type and torsion-type struts. Pod configur-

ation C was a torsion-type strut.

Although mode shapes have been observed in only a small

number of cases, other aspects of flutter data exhibit a dual nature

corresponding to differences in mode shape. The effects of generaliz-

ed mass ratio and of strut submergence vary according to the flutter

region. These effects will be discussed below.

II. 3. Generalized Mass Ratio

Generalized mass ratio is a parameter which indicates the

relative importance of structural and fluid inertia in determining the

motion of a strut. Both structural and fluid inertia are related to the

vibration mode shape (and therefore to the elastic properties) of the

strut. This relationship is included in the most general form of the

parameter, which can be expressed in terms of matrix elements as

347



Besch and Liu

^generalized

This expression reduces to the mass ratio traditionally used in flutter

analysis when pure bending motion of uniform amplitude is assumed.
A similar simplification occurs when pure torsional motion is assum-
ed. These assumed motions provide suitable approximations to the

mode shapes of bending and torsional flutter. Exact flutter mode
shapes are of course not available. Therefore simplified expressions
for mass ratio were used in analyzing experimental flutter results.

It was found that bending flutter occurs at low values of mass
ratio, and that torsional flutter occurs at high values of mass ratio.

Other than this generalization, comparisons involving mass ratio will

not be made between struts having different flutter modes. Such com-
parisons w^ould require extensive calculations involving exact flutter

mode shapes, which are not available. Calculations presented later

indicate that bending flutter and torsional flutter involve entirely dif-

ferent vibration modes and do not represent different mass ratio

ranges of the same mode. Mass ratio will be used as a parameter for

comparing flutter results of similar mode. Each flutter region will be
discussed separately.

Bending Flutter Region

In the bending flutter region, generalized mass ratio can be
approximated by dividing total strut mass by the mass of a cylinder

of water circumscribing the strut. The cylinder of water should have
a diameter equal to the strut chord and a length equal to the submerg-
ed span of the strut. This cylinder of water approximates the added
mass of the strut for the first bending mode shape associated with
bending flutter. Bending mass ratio may be written symbolically as

mL + Mpod

'^ bending u^^ »
Trpb Z + Mpod

Flutter speeds obtained from bending -type struts are plotted

as a function of bending mass ratio in Figure 4. Values of bending
mass ratio range from 0.1 to 0. 66. The flutter speeds fall into two
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groups. The higher flutter speeds correspond to strut models which
are geometrically larger by a factor of approximately 4 than strut

models represented in the lower group. Within each group, the flutter

speeds are sensitive to mass ratio and a sweep parameter k . The
sweep paremeter \_S, 6J combines sweep angle and unswept aspect
ratio into a single parameter. Numerical values of k are given for

the data points in Figure 4. For similar size models, the data can be
fairly consistently divided into families based on similar values of k

as shown. An increase in sweep angle therefore increases the flutter

speed, while an increase in aspect ratio decreases the flutter speed.

Lines of constant k value approach zero as mass ratio decreases in

a manner which could be approximated by a square root dependence on
mass ratio, a relation which has previously been observed [_3j for low
mass ratio struts. Similar trends have been predicted in the lower
mass ratio region when sweep angle was included in the analysis

[6, 7, 8j . Groups of different sized models can be correlated by di-

mensional analysis. It has been shown ^9 J that the flutter speeds are

related according to the square root of bending or torsional stiffness.

Torsional Flutter Region

Generalized mass ratio for torsional motion can be represent-

ed by the ratio of the total moment of inertia of a strut and the added
moment of inertia of the submerged portion of the strut. In the present

work, rotation was assumed to occur about the elastic axis of the

strut. The resulting torsional mass ratio may be written

^torsion
!«

.pb^(l/8 + a^);^+i;^p^^

Available flutter speeds for torsion-type struts are plotted as

a function of torsional inass ratio in Figure 5. A substantial amount
of data is shown which was obtained at NSRDC and has not been pre-
viously published. All strut models in this group had pods and were
similar in size to the struts described in Reference 4. A complete
description of this data will be published in the near future.

As shown in Figure 5, torsional flutter has been obtained at

values of torsional mass ratio between 0.61 and 6. 2 . Flutter speeds

generally decrease as mass ratio increases. The wide variation in

flutter speed results at least in part from wide variation in strut

characteristics. In an attempt to adjust flutter speeds for differences

in geometric size and torsional frequency, the data has been replotted
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in Figure 6 after normalization by the factor b co ^^ . This normalizat-
ion was successful for values of mass ratio between 2.0 and 6. 2,

but large variations still exist at values below 2.0. Parameters that

differ among the lower mass ratio models include the elastic axis
location, profile, sweep angle, and submergence of the struts, and
the size and inertial characteristics of pods attached to the struts.

The effects of strut profile have recently been investigated at NSRDC,
and results for three different profiles are indicated in Figure 6. At
speeds high enough to produce ventilation over the entire chord of the

strut, a ventilated cavity originating from a blunt leading edge on a

strut substantially destabilizes the system. The effects of strut sub-
mergence will be discussed later.

The reduced flutter speeds for torsional flutter exhibit the

characteristics found in classical hydrofoil flutter. The flutter speed
parameter gradually decreases to a minimum value as mass ratio de-
creases, and then increases rapidly for related series of strut models
at lower values of mass ratio. Minimum values occur approximately
between mass ratios of 2. to 3. . The effect of mass ratio on
torsional flutter speeds is similar to that predicted by classical two-
dimensional flutter theory and also to that predicted in the higher
mass ratio region in finite sweep angle analyses 6,7,8] .

II. 4. Strut Submergence

The effects of strut submergence on flutter speed are closely

related to the effects of generalized mass ratio. When the simplified

forms of mass ratio are used, the two parameters are inversely pro-
portional to one another. The close relationship is evident in experi-
mental flutter results in which submergence has been varied without

changing other strut characteristics. These results, shown in Fig. 7,

constitute a replotting of data contained in Figures 4 through 6 but are
given to illustrate the effects of submergence directly.

Flutter speeds for bending-type struts decrease as strut sub-

mergence increases, with minimum flutter speeds occurring at full

submergence. The increase in submerged length produces a decrease
in mass ratio and therefore a decrease in flutter speed. Torsion-type
struts show a local minimum in flutter speed at approximately 50 %
submergence. This local minimum would be expected to occur if the

strut configuration passed through intermediate values of mass ratio,

and will not necessarily correspond to 50 percent submergence. An
increase in flutter speed will of course occur as the submergence
becomes very small regardless of the mass ratio. The effect of sub-

mergence on the strut model with pod and foils is similar to that ob-
served for struts without foils in the bending flutter region and at high
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values of mass ratio in the torsional flutter region.

Strut submergence also affects the vibration mode shapes of

struts, and has a particularly large effect on the second bending mode.
As a result, a strut could change from a bending-type strut to a tor-

sion-type strut during changes in submergence. Because of the occur-
rence of minimum flutter speeds at different depths for different

modes, and the possibility of different flutter modes occuring at differ

ent depths, it is conceivable that a strut could undergo bending flutter

at one depth and torsional flutter at another depth.

III. THEORETICAL FLUTTER CHARACTERISTICS

The dual nature of experinaental flutter results also appears
in theoretical results. Bending flutter and torsional flutter correspond
to instabilities in different hydroelastic modes. Transition from bend-
ing flutter to torsional flutter occurs when the torsional flutter mode
becomes less stable than the bending flutter mode.

The frequency and mode shape characteristics of the hydro

-

elastic modes involved in flutter are predicted accurately in the flutter

analysis. However, damping characteristics, and, consequently,

flutter speeds are not predicted accurately. In the bending flutter

region, flutter speed predictions are not usable because a second
mode is also predicted to be unstable which does not correspond to

experimental results. Flutter speed predictions in the torsional

flutter region correctly indicate the unstable mode but are generally
overconservative. Calculated hydroelastic modes of a strut with at-

tached foils indicate that the strut underwent torsional flutter at a

speed which was overconservatively predicted.

III. 1. Flutter Theory

Understanding of the differences between bending flutter and
torsional flutter requires consideration of the behavior of the hydro

-

elastic modes |_12j , or resonances, of the strut systems over a wide
range of speeds, and not merely a calculation of each strut's speed
of neutral stability. This approach was in fact used in a paper [sj

presented at the Fourth Symposium on Naval Hydrodynamics. This
earlier paper described the hydroelastic modes of bending-type struts

only. The present paper extends the earlier results to include a des-
cription of the hydroelastic modes of torsion-type struts as well.

Hydroelastic modes are the vibration naodes of the strut-fluid

system and correspond to eigenvalues and eigenvectors of the velocity-
dependent equations of motion. The equations of motion were generated
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by assuming a lumped parameter representation for the strut, with

elastic and inertial properties lumped at discrete points along a

straight elastic axis. This procedure is well established as an accur-
ate means of predicting vibration mode shapes and frequencies of

elongated structures in air. The hydrodynamic forces on the strut

were also lumped at stations along the axis. Values of structural

parameters and hydrodynamic forces at spanwise stations were assign-

ed by dividing the strut into strips normal to the elastic axis. A nu-
merically converged solution was obtained when 10 strips were used.

Displacements were assumed to occur in bending normal to

the plane of the strut and in torsion about the strut elastic axis. The
equations of motion for the entire systena written in matrix form are

h. I ^ ^ Ih. I ^ ^ Ih.

M
e.

[c] el + ('^J8) [k] U\ - {F.l
111 I 1 I ^ '

The hydrodynamic force F was expressed in terms of the physical

displacements and their time derivatives, permitting the structural

and hydrodynamic expressions to be combined. Further simplificat-

ion is achieved by representing strut motion as a series of standing

waves in the form

h. = H. e^^ and 0. =0. e^^11 11
The resulting system of linear equations for the hydroelastic system
is

Solutions to the above equations are the complex eigenvalues of

which may be written

s = - r<^ + j \ 1 - f ^

in terms of the damping ratio f and the undamped natural frequency
a; . Each eigenvalue of s corresponds to a mode of oscillation of the

strut -fluid system. Flutter occurs at the lowest speed for which the

real part of one of the eigenvalues becomes zero.
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Eigenvalues for selected speeds were obtained by a digital

computer calculation based on MuUer's quadratic method
L 1 3J .

Flutter speeds were determined by interpolation among damping values

across the zero damping axis. Eigenvectors were also obtained,

giving the vibration mode shapes in standing -wave form.

The most general form of strut motion is composed of travell-

ing waves as well as standing waves. Further calculations were there-

fore made to determine whether travelling -wave oscillations were
occurring. Travelling waves were found in connection with bending

motion and will be described later.

III. 2. Hydrodynamic loading

Hydrodynamic loading on discrete sections of the strut was
calculated with a strip theory. The theory was formulated to allow

spanwise variation of the loading so that the effects of three-dimen-
sional flow could be investigated.

The lift and moment expressions used were

2
P. = p. Trpb.

1 1 1
h. - V e. + V a. tan A + b.a. (G. + V -i. tan A )

n 1 n 1 ea 111 n 1 ea

-C n pV b. C(k) w.
ic . n 1 1
a , 1

4 2 ••

M. = p. Trpb. (l/8 + a. ) (6. + V x. tan A )

1 I'^i 11 ni ea

2 3 " •

+ p. Trpb. V (h. +V or. tan A )+ p.Trpb. a. (h. + V o". tan A )^iini ni eai iii ni ea

2 2
p. Trpb. V (9. -a.b.t. tan A )11 ni 111 ea

+ 2TrpV b.
n 1

C(k) . Cjl

TPi (a. - a .)
1 c, 1

27r

where

w. = -h. + V e. - V a. tan A + b
1 1 n 1 n 1 ea

. 1

"'
+ a . - a. (a + V , .i\2Tr c,i V'"' Tn. "^

tan A )

ea

In this formulation, spanwise loading variations were introduC'

ed separately for circulatory and noncirculatory loading. The loading
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due to circulatory flow was varied by inserting steady values of lift

slope Cn and aerodynamic center a^ obtained by a separate cal-

culation. This approach was originated by Yates ^14^ . The noncircu-
latory terms were varied by inclusion of a multiplicative factor p.

The factor permitted reducing the magnitude of the noncirculatory

loading below that associated with two-dimensional flow. This modi-
fication was introduced by the authors |_15j , in accordance with a

suggestion by Yates [_1 6 J . Spanwise distributions for p will be dis-

cussed later.

The given expressions correspond to t\yo -dimensional hydro

-

dynamic loading when a lift slope of 2 tt , an aerodynamic center lo-

cation at quarter chord, and a noncirculatory modification factor of

unity are used. Three-dimensional loading requires that appropriate

spanwise distributions of these quantities be used. In a number of

flutter calculations presented later, the effects of three-dimensional
flow were studied by varying the above quantities but keeping all span-

wise values equal.

Spanwise distributions of lift slope and aerodynamic center

were obtained from lifting surface theory QvJ . The distributions

were calculated using a uniform angle of attack along the span of the

strut, and an antisymmetric loading boundary condition at the free

surface.

Two different distributions of noncirculatory modification fac-

tor were used, one for low frequencies and one for high frequencies

Q 5J . At low frequencies, the factor consisted of the three-dimension-
al added mass of the strut, expressed as a fraction of the two-
dimensional added mass, outboard of the spanwise position being con-
sidered. The free surface was treated as a reflecting plane. At high

frequencies, the spanwise distribution of added mass on a surface-

piercing strut decreases to zero at the free surface. This condition

was approximated by assuming the midspan of the submerged portion

of the strut to be a reflecting plane and using the low frequency dis-

tribution on either side.

Values of the nondimensional frequency, /oj /g , were used to

distinguish between low frequency and high frequency conditions,

indicating that the generation of gravity waves was involved in the

boundary condition. The low frequency condition exists for values of

j^ cj /g of 1 or less, while high frequency loading corresponds to

values of i-co^/g of 10 or greater.
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III. 3. Bending Flutter

The hydroelastic modes of several bending-type struts were
calculated. In general, two unstable modes were predicted for each
strut. One of the unstable modes showed fair correlation with ex-
perimental flutter occurrences, while the second unstable raode did

not correlate well with experimental results. It therefore appears
that one unstable mode corresponded to the experimentally observed
instabilities for all of the struts, while the other unstable mode was
incorrectly predicted to be unstable. The incorrect prediction was,
in fact, found to occur only for limited ranges of spanwise loading

inputs, suggesting that the prediction was caused by a slightly inac-
curate loading formulation in a highly sensitive calculation.

The mode in which bending flutter occurred had a first bend-
ing mode shape, and had the lowest frequency among the existing

modes at the experimental flutter speed. At speeds below flutter, the

mode was highly damped. Its damping decreased rapidly in a short

speed interval prior to flutter. Values of damping were predicted
nonconservatively.

These results will be illustrated by presenting detailed cha-
racteristics of the hydroelastic modes of a typical bending-type strut,

Model 2 of Reference 4. The structural characteristics and three-

dimensional loading parameters for Model 2 are given in the Appendix.
Several hydroelastic modes calculated for Model 2 are shown as

functions of speed in Figures 8 and 9. The damping ratio f was plott-

ed without structural damping because no experimental values were
available. Predominant mode shapes are indicated on the frequency
curves. Predicted instabilities must be compared with an experiment-
al flutter speed of 81 knots and a frequency of 4. 1 Hz at that speed.

The mode shape at flutter was observed to be predominantly first

bending in a motion picture of the experiment.

Flutter is predicted to occur at 83 knots in the presence of

two-dimensional loading, as shown in Figure 8. The instability occurs
in a mode which first appears, fully damped, at a speed of 30 knots
and decreases in stability as speed increases until neutral stability is

reached at 83 knots. Although the unstable mode appears at a speed
near that at which mode 1 daraps out, the two modes coexist over a

small speed range. Therefore the unstable mode is considered to be
a new mode rather than mode 1. The frequency and mode shape of the

new mode show good agreement with experiment. Mode 3 is stable

and increases in frequency as speed increases.

The predicted instabilities are much different, and less
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accurate, when three-dimensional loading modifications are included.

Despite the theoretically improved loading expression, the flutter

speed predicted for the new mode is a highly nonconservative 147

knots. Mode 3 is unstable over the entire speed range, except at low^

speeds where inclusion of structural damping would produce a positive

damping ratio. Both unstable modes have a first bending mode shape
in the vicinity of the experimental flutter speed. The frequency of

mode 3 now decreases rapidly with speed, but nevertheless does not

decrease sufficiently to agree with experiment at 81 knots . On the

other hand, the frequency of the new mode shows fairly good agree-
ment with experiment at 81 knots . In this case and in general,

frequencies of hydroelastic modes are predicted more accurately than

damping characteristics, and are less sensitive to variation in hydro-
dynamic loading. It is concluded that flutter occurred experimentally
in the new mode, and that mode 3 is not unstable below 81 knots .

Each of the loading modification parameters was varied inde-

pendently to determine its effect on predicted flutter instabilities.

Equal loading was used at all spanwise positions. The resulting flutter

speeds for the new mode and mode 3 are shown in Figure 10. Mode 3

becomes unstable when any of the three modification parameters is

changed sufficiently from two-dimensional values. A three-dimensional
value of lift slope produces greater instability in mode 3 than three-

dimensional values of the other parameters. Interactions araong para-
meters and variations in strut configuration also affect the stability of

mode 3. The behavior of hydroelastic modes 1 and 2 was not signifi-

cantly affected by the variation of applied loading.

The nature of the oscillations experienced by Model 2 at flutter

was further investigated in order to determine whether the oscillations

consisted of standing or travelling waves. Calculations by Dugundji,

et al.Ll8j and Prasad, et al. Q9jhad indicated a bending flutter con-

dition occurring in the form of travelling waves for low mass ratio

wings. The present complex eigenvalue calculation restricted oscil-

lations to a series of standing waves in which nodal lines remained
stationary and all displacements in each mode maintained their rela-

tive distributions at all times. Travelling waves are characterized

by nodal lines which traverse the entire surface of the strut during a

cycle of oscillation.

A direct solution to the equations of motion was attempted,

using a finite difference technique in the time domain |_20j . The method
of solution yields a time history of the transient motion following an
initial excitation of finite duration. Flutter inception occurs when os-
cillations change from decreasing to increasing amplitude. Neutral

stability should occur at the same speed using either method of solution.

356



Flutter of Flexible Hydrofoil Struts

Calculations were performed by a digital computer program which
required that hydrodynamic force expressions be real. Because of

this restriction, the imaginary part of the Theodorsen circulation

function was omitted from the loading used.

Unsatisfactory results were obtained from the direct method
of solution. The predicted flutter speed did not agree with that predict-

ed by the eigenvalue calculation, Furtherraore, values of negative

damping above flutter inception were so large that no oscillation oc-
curred. As a result, the presence of travelling waves could not be
detected. The discrepancies between the two methods of solution may
have resulted from the difference in hydrodynamic loading used. It is

evident that further investigation of this method of calculation is re-

quired.

The hydroelastic mode characteristics of Model 2 are typical

of three other bending -type struts that were analyzed. Flutter predic-

tions using two-dimensional loading were often fairly accurate. The
mode 3 instability appeared in tw^o of the three additional calculations

using three-dimensional loading. The flutter inception speeds for the

new mode were again nonconservative, and less accurate than those

obtained using two-dimensional loading. Frequencies predicted for the

new mode agreed well with frequencies observed at flutter, while

those for mode 3 did not agree well. Frequency predictions were equal-

ly accurate for both types of loading. Predicted mode shapes for the

new mode were predominantly first bending. This agrees with mode
shapes observed for bending flutter.

The damping behavior of the new mode as a function of speed
shows qualitative agreement with experimental results. In an expe-
riment performed at NSRDC, damping was found to be extremely high

for a bending -type strut at all speeds below flutter inception. At flutter

inception, damping decreased sufficiently to permit flow^-excited os-
cillations of large amplitude. This behavior would be expected of an
instability occurring in the new mode, which decreases in damping
from a highly damped condition at intermediate speeds.

In view of the more accurate frequency correlations of the new
mode, and its high damping characteristics at intermediate speeds,

it is concluded that bending flutter occurs in the mode designated as

the new mode. Measurements of damping of strut modes at various

speeds are needed to confirm this conclusion. The appearance of a

calculated instability in mode 3 is probably caused by extrerae sen-

sitivity of the calculated damping to load variation. The present flutter

calculation can be used to indicate a possible occurrence of bending

flutter, but cannot be used for estimating flutter speeds. Design
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calculations should be performed with both two-dimensional and three-
dimensional loading so that all potential instabilities will be discovered.

III. 4. Torsional Flutter

The calculated hydroelastic modes of torsion-type struts

exhibit more simple behavior than those of bending-type struts. Only
one mode is unstable. It is the mode with the second-lowest frequency,
and therefore with a predominantly first torsion mode shape, at zero
speed. Low damping is predicted in this mode at all speeds below
flutter, in contrast to the high damping predicted in the bending flutter

mode. Observed characteristics of torsional flutter correlate well

with the characteristics of this hydroelastic mode. A mode analogous
to the new mode previously described appears for some torsion-type

struts, but it is stable throughout the speed range of interest. Three-
dimensional loading modifications have very little effect on the quali-

tative characteristics of the hydroelastic modes of torsion-type struts,

but do change the predicted flutter speeds.

Predicted torsional flutter speeds ranged from 59 percent
conservative to 36 percent nonconservative when three-dimensional
loading was used. The predicted flutter speeds were nonconservative
for struts with extremely heavy pods, and became increasingly con-
servative as the struts decreased in mass ratio and approached the

bending flutter region.

As an example of hydroelastic modes for torsion-type struts,

the modes for Model 2T of Reference 4 are shown in Figure 11. The
structural characteristics of Model 2T are identical to those of Model 2

except for the addition of a long, slender pod to the strut tip. The pod
is described in the Appendix. The damping ratio includes the value of

structural damping measured at zero speed. One value of damping
ratio and frequency was reported in Reference 4, and the others were
measured at NSRDC by deflecting the strut vith an attached line and
cutting it during the test runs. A flutter speed of 18. 1 knots was
obtained at NSRDC, and a frequency of 6. 4 Hz was observed at that

speed. The vibration mode shape prior to and at flutter was predomi-
nantly first torsion.

Flutter is predicted to occur in mode 2 at 14. 1 knots when
two-dimensional loading is used. This prediction is conservative by

22 percent. The calculated damping values are lower than the expe-
rimental values, but show a similar variation with speed. Frequencies
of the hydroelastic modes remain relatively constant as a function of

speed, and agree well with available data. The mode shape of the un-
stable mode, mode 2, changes from first torsion to first bending prior
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to the predicted flutter inception, so that flutter is incorrectly predict-
ed to occur with a first bending mode shape.

Slight changes occur in the hydroelastic modes when three-
dimensional loading modifications are included. The three-dimension-
al loading used for Model 2 was also used for Model 2T. The damping
of mode 2 increases, remaining below the experimental values for part
of the speed range below flutter inception but yielding a flutter speed of

18. 8 knots, which is very close to the experimental value but is slightly

nonconservative. The flutter mode shape is predicted to be predomi-
nantly first torsion, which is the mode shape that was observed.

The good agreement between experimental and theoretical cha-
racteristics of mode 2 clearly establishes that the instability has been
correctly predicted. Identification of the unstable mode is easier than

for Model 2 because sufficient data are available and the modes are
unambiguous in predicting instability.

The effects of independent variation of the loading modification
parameters on predicted flutter speeds for Model 2T are shown in

Figure 12. Equal values of loading were used at all spanwise stations.

The calculation is conservative and reasonably accurate using two-
dimensional loading, and is unaffected by loading modifications except
when lift slope is reduced below 70 percent of the two-dimensional
value. While the calculation is sensitive only to lift slope for the con-
ditions shown, strong interactions occur among the modifying para-
meters when they are varied simultaneously. This interaction is de-
monstrated by the 18. 8 knot flutter speed prediction obtained when
three-dimensional values are used for all modifying parameters.

No mode corresponding to the new mode described for Model 2

appears in the speed range shown for Model 2T. Such a mode does
appear at higher speeds, however, but remains stable at all speeds
for which calculations were made.

An indication of travelling wave motion was found in the flutter

mode of Model 2T. However, a discrepancy in calculated flutter speed
similar to that found for Model 2 prevents full confidence in the results.

The direct method of calculation yielded increasing and decreasing os-
cillations above and below a different flutter speed from that obtained

by eigenvalue calculation. Calculated mode shapes in bending and tor-

sion at flutter are shown in Figure 13 as functions of time. The bending

oscillations are travelling waves, while the torsional oscillations are
standing waves. Strut deflections due to torsion were approximately
twice as large as those due to bending. Therefore the flutter oscillat-

ions were predominantly standing waves, although travelling waves
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were not insignificant.

Flutter characteristics calculated for several other torsion-

type struts using three-dimensional loading were similar to those of

Model 2T. Flutter invariably occurred in mode 2 . Calculated flutter

speeds, which are compared with experimental values in Figure 14,

ranged from 59 percent conservative for very light pods to 36 percent
nonconservative for very heavy pods. Frequency predictions showed
good agreement with measured values at the experiraental flutter

speeds. Flutter raode shapes were predicted to be first torsion, with

occasionally significant amounts of first bending or second bending.

These mode shape predictions agreed with visually observed mode
shapes.

Examples of predicted flutter characteristics of both bending

-

type and torsion-type struts, as well as a strut in the transition region

(pod configuration B), are shown in Figure 3. The increasingly conser-
vative torsional flutter speed predictions are evident as pod inertia

decreases, until bending flutter occurs with pod configuration A. In

view of the good correlation between theoretical and experimental fre-

quency and mode shape in the torsional flutter region, it is concluded

that torsional flutter is an instability of hydroelastic mode 2 for torsion-

type struts.

A new mode similar to that of Model 2 and Model 2T also ap-

pears in the hydroelastic modes of other torsion-type struts. This

mode appears at lower speeds for struts with lighter pods. The stabi-

lity of the new inode decreases as strut pods become lighter and strut

configurations shift from torsion-type to bending -type. Bending flutter

appears to originate when the new mode becomes unstable at a lower

speed than the mode which is unstable in torsional flutter. A shift in

the mode shapes of the second and third modes occurs as part of this

transition. It is perhaps not coincidental that the mode which is un-

stable in the torsional region, and the mode which is incorrectly pre-

dicted to be unstable in the bending region, both originate ac first

torsion modes.

Calculations made for struts with large pods included an appro-

ximate correction for hydrodynamic forces acting on the pod. The
correction, added to the tip of the strut, consisted of the linearized

lift and moment due to the unsteady motion of a pod-sized slender body,

and is described on page 417 of Reference 12. This correction pro-

duced much lower flutter speeds than using pod added mass alone,

particularly for heavy pods.
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III. 5. Struts with Foils

Successful flutter analysis of strut-foil systems is of consider-
able practical importance, because struts will generally be used in
combination with load-bearing foils. Only inverted-T strut-foil confi-
gurations have been considered in the present work, in view of the in-
terest of the U. S. Navy in such configurations. It is clear that for such
systems foils have a sizable effect on flutter characteristics. Flutter
speeds obtained experimentally by Huang [z~\ showed an increase of as
much as 146 percent when a pod was replaced by a pod and foil combi-
nation of equal mass. The parameters governing the effects of foils on
flutter characteristics have only begun to be investigated. An early
discovery has been that foil angle of attack is an important flutter

parameter \2~\ .

While experimental results are relatively scarce, much can be
deduced about the flutter characteristics of struts with foils by con-
sidering the structural effects of adding foils. A strut with no tip at-
tachment will usually be a bending -type strut, and a heavily tip-

weighted strut will be a torsion-type strut. Therefore struts with foils
will vary from bending -type to torsion-type, with many configurations
being in the transition region, according to the size and weight of the
foils. Other parameters will be important to the extent that they pro-
duce bending -type or torsion-type characteristics. The rotational
inertia of the foils will affect the coupling between the second and third
vibration modes, so that large or high aspect ratio foils will produce
struts in the transition region. Large or heavy pods tend to produce
torsion-type struts. These effects are related to the generalized mass
ratio of the strut.

Flutter characteristics calculated for a strut with foils were
consistent with these deductions. The strut had a large pod and full-

sized foils. The calculated instability occurred in hydroelastic
mode 2, the unstable mode in torsional flutter. The flutter speed pre-
diction was overconservative. The second and third vibration modes
at zero speed were composed equally of second bending and first tor-
sion mode shapes, indicating that the strut was in the transition re-
gion.

The flutter analysis performed on the strut-foil model \_2] will
be described in detail to permit comparison with previous results.
Structural characteristics of the model are given in the Appendix.
Several approximations were made in obtaining a theoretical repre-
sentation for the pod and foils. Structural properties of the pod and
the foils were represented by adding equivalent masses and moments
of inertia to the tip of the strut. Hydrodynamic loading on the pod and
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foils was represented only by adding their added mass and moment of

inertia to the structural components.

The effects of the pod and foils on the vibration mode shapes of

the submerged strut are shown in Figure 15. It was necessary to use

67 percent of the published values for bending and torsional stiffness

to achieve agreement with measured in-air frequencies. These stiff-

ness values were used for in-water frequency calculations and hydro

-

elastic mode calculations as well. The strut alone is a bending -type

strut, and the strut with pod is a torsion-type strut. The second and

third modes of the strut with pod and foils each exhibit both first tor-

sion and second bending oscillations. Strong couplings due to the foils

has also produced similar frequencies for these modes. The strut-

foil model must be classified in the transition region. The effect of

the foils is particularly striking because the pod-foil combination has

the same mass as the pod used on the strut-pod model.

Flutter was found experimentally to depend on the angle of at-

tack of the foil. Two flutter conditions were obtained : at 1 6. 6 knots

with an angle of attack of -4 deg , and at 18. 1 knots with an angle of

attack of -2 deg . Testing was halted prior to flutter at higher angles

of attack because divergent deflections of the strut began to occur.

Flutter mode shapes were described as equally large bending and tor-

sional deflections. The bending deflections were seen to change from
second bending to first bending, while the torsional deflections were
consistently first torsion. Structural damping was not determined ex-

perimentally.

Calculated hydroelastic modes for the strut-foil model are

shown in Figures 16 and 17. Both two-dimensional and three-dimen-

sional loading yield a flutter instability in mode 2. The predicted

flutter speed is overconservative at approximately 6 knots in both

cases. An additional unstable mode is found which is different for the

two types of loading. Two-dimensional loading yields an instability in

the new mode, while three-dimensional loading yields an instability in

mode 3. The frequencies predicted using three-dimensional loading

for mode 2 at the observed flutter speeds agree well with the experi-

mental frequencies, while those predicted for mode 3 do not agree

well. On the basis of the usually reliable frequency calculation of

three-dimensional loading, it is concluded that flutter occurred ex-

perimentally in mode 2. Additional damping data for individual miodes

is needed to confirm this conclusion.

Predicted mode shapes do not agree with observations. Mode 2

consisted of both second bending and first torsion oscillations at low
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speeds, but showed almost exclusively first bending oscillations at the
experimental flutter speed.

Experimental [z] and theoretical results were also obtained for
the strut with a pod lighter than, and equal to, the weight of the pod
with foils. Torsional flutter occurred in both cases, at 20. 1 knots
with the smaller pod weight and at 9. 5 knots with the larger pod
weight. The large decrease in flutter speed when weight was added to
the pod would be expected at low values of torsional mass ratio, as
may be seen in Figure 5. Converting part of the pod mass into foils
has raised the flutter speed, and has had a similar effect to reducing
the pod mass. The foils have reduced the generalized mass ratio of the
strut. Calculations of generalized mass ratio are required in order to
correlate experimental results with values of this parameter.

It is apparent that additional experimental and theoretical re-
search is needed to adequately understand flutter of struts with foils.
Experimental results can provide a reliable indication of the effects of
foil-related parameters and can lead to accurate simulation of full-
scale systems with reduced-scale models. Theoretical research is
needed to improve the accuracy of flutter speed predictions.

IV. DISCUSSION

The primary deficiency of the present flutter analysis is its
prediction of damping. This deficiency results in inaccurate predic-
tions of flutter speed for most struts. In the torsional flutter region,
the inaccuracy is strongly correlated with the value of torsional mass
ratio of the strut. The relationship between experimental and theore-
tical flutter speeds has been illustrated in Figure 14. Predictions fol-
low a fairly well-defined curve which is overconservative at low mass
ratio, quite nonconservative at high mass ratio, and which crosses
over experimental values at a mass ratio of slightly less than 2. It
should be noted that the single very nonconservative prediction was
strongly influenced by the presence of a large pod, and is therefore
not strictly representative of flutter characteristics of simple struts.

The conservative predictions obtained at low values of torsion-
al mass ratio are highly significant. Many previous studies of hydro-
foil and airfoil flutter have shown a tendency for predicted flutter
speeds to become nonconservative at low values of mass ration, lead-
ing to a loss of confidence in flutter predictions in this region. These
studies have used two-dimensional loading without accounting for
sweep angle. The present analysis, and a similar analysis [4] made
previously, showed no tendency for predictions to become nonconser-
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vative at low mass ratio for torsional flutter. It appears that the

most significant difference in the two types of calculations is the in-

clusion of sweep angle as a parameter which couples structural and
hydrodynamic effects. The present calculation should reliably indicate

the presence of a flutter instability throughout the mass ratio range
shown in Figure 14. Additional comparisons with existing flutter data

can help to determine the accuracy of flutter speed prediction to be ex-
pected as a function of mass ratio.

Improvement in the accuracy of flutter speed prediction will

require improvement in the hydrodynamic loading formulation. The
sensitivity of calculated damping to small changes in loading, parti-

cularly for bending -type struts, suggests that hydrodynamic loading

must be very accurately described in order to obtain accurate flutter

speed predictions. Possible sources of inaccuracy in the loading for-

mulation are the presence of cavitation, real fluid effects involving the

boundary layer and wake, and inexact modification of the two-dimension-
al loading for three-dimensional flow. Rowe [_2U ^^^ shown that large

changes in calculated flutter speed result when the loading applied to

struts is modified to simulate cavitation. Available observations are
insufficiently detailed to confirm the existence of the assumed distri-

butions of cavitation. It has been shown [_2 2J that altering boundary
layer characteristics with disturbance wires affects agreement bet-

ween theoretical and experimental loading in two-dimensional flow.

However, the results of such modification on flutter characteristics

have not been investigated. Reliable measurements of three-dimension-
al strut loading which could be used to assess the accuracy of the strip

theory employed in the present flutter analysis are not available.

The existence of two different unstable hydroelastic modes
implies that future flutter experiments and calculations must be carri-

ed out in sufficient detail to distinguish between the modes. This will

require measurement or calculation of hydroelastic mode characte-

ristics as a function of speed. Measurements of danaping characteristics

at zero speed are important, particularly for struts which undergo tor-

sional flutter, so that calculated damping can be adjusted to include

structural damping.

Flutter research will be incomplete until hydroelastic mode
characteristics of full-scale strut systems are measured. These mea-
surements will provide comparisons with model data and calculations

as well as indicate the stability of the actual struts.

V. DESIGN PROCEDURES

Design of inverted-T strut-foil systems to operate in subcavi-
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tating flow can be based on the flutter -free performance of the exist-

ing U. S. Navy hydrofoil craft. In order to estimate the effect of va-

riations in configuration, it would be helpful to calculate the hydro

-

elastic mode characteristics and the generalized mass ratio of exist-

ing struts for comparison with parametric trends obtained from models.

Further model testing inay be required to establish stability criteria

in areas where theory and present data are inadequate, such as in the

presence of cavitating flow.

Additional information about hydroelastic stability can be ob-

tained by flutter testing a reduced-scale model of a proposed design.

The model should be dynamically and geoinetrically scaled, except for

sweep angle. It has been found to be virtually impossible to obtain

flutter in a low density strut model at small sweep angles prior to

structural failure due to approaching divergence. Instead of testing the

model at the small sweep angle usually found on full-scale struts, the

model should be tested at several larger sweep angles, decreasing the

angle until static deflections indicate proximity to divergence. Flutter

speeds must then be extrapolated to the required value of sweep angle.

Damping and frequency measurements for individual hydro

-

elastic modes of torsion-type struts have been readily obtained at

NSRDC by implusive excitation. This technique involves inducing os-

cillation of the strut at the desired frequency, and determining danap-

ing and frequency from the resulting decaying oscillations. Excitation

was obtained from a vibration generator rapidly swept over a narrow
frequency interval including the desired resonance. The technique can

be applied at small speed increments to permit a close approach to

the flutter inception speed to be made safely. It has been found, how-
ever, that at speeds above flutter inception struts often exhibit ampli-

tude-limited flutter over a varying speed range before large negative

damping leads to large amplitude oscillations. Because of the differ-

ence in damping characteristics, amplitude -limited bending flutter

occurs over a narrow speed range while amplitude -limited torsional

flutter can occur over a wide speed range. This phenomenon probably

resulted in the failure of Model 2T, pod configuration D, shown in

Figure 3 at a speed far above flutter inception.

Development of flutter testing techniques for full scale craft

would permit verification of the stability of a given design. Such tech-

niques should be evaluated in models and on existing craft. Future

designs could provide for the flutter testing system to be installed in

all craft during construction to make underway flutter testing routine

for hydrofoil vessels.
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VI. CONCLUSIONS

Strut flutter occurs in two different hydroelastic modes. At

low values of generalized mass ratio flutter occurs in a predominantly-

first bending mode shape with the qualitative characteristics of the

"new mode" previously described. At higher values of generalized

mass ratio, flutter occurs in a predomiinantly first torsion mode shape

with the qualitative characteristics "mode 2" described in the text.

The flutter mode of a strut can be determiined by examining the mode
shape of the second vibration mode of a strut in water, except in a

transition region where strong coupling interferes with this identifi-

cation.

Flutter speed predictions using the present analysis are ge-

nerally inaccurate. In the bending flutter region, flutter is often pre-

dicted to occur in the wrong mode so that flutter speed predictions

cannot be used. In the torsional flutter region, the accuracy of flutter

speed predictions is dependent on the value of torsional mass ratio.

Predicted mode shapes and frequencies are nearly always accurate

when three-dimensional hydrodynamic loading is used.

Foils attached to a strut in an- inverted-T configuration have a

strong effect on the flutter characteristics of the strut. Further in-

vestigation of foil effects is needed.

NOTATION

a nondimensional distance frona midchord to elastic axis,

measured perpendicular to elastic axis, positive aft as

fraction of semichord b

a nondimensional distance from midchord to local aero-
^ dynamic center (for steady flow) measured perpendicular

to elastic axis, positive aft as a fraction of semichord b

b semichord measured perpendicular to elastic axis

[_Cj damping matrix of strut

\C^~\ effective damping matrix of the strut -fluid system

C(k) complex Theodorsen circulation function

C n local lift slope for a strip perpendicular to elastic axis

in steady flow
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EI bending stiffness

F hydrodynamic force

GJ torsional stiffness

g structural damping coefficient ; also, gravitational ac-
celeration

H amplitude of bending displacement h

h linear displacement of strut at elastic axis

I^ total mass moment of inertia of strut and tip attachments
about elastic axis

I* added moment of inertia of pod about elastic axis, ap-
' proximated by the added moment of inertia of a prolate

spheroid.

LKJ stiffness matrix of strut

[K'J effective stiffness matrix of the strut-fluid system

L strut length along elastic axis

jL distance from free surface to tip of strut along elastic

axis

M oscillatory moment about elastic axis per unit span of

strut, positive in direction of positive

^pod pod mass

M* J added mass of pod

IMJ mass matrix of strut

Im*
J added mass matrix of strut

I MM effective mass matrix of the strut-fluid system

m mass per unit span along elastic axis
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P oscillatory lift per unit span of strut along elastic axis,

positive in direction of positive h

p spanwise modification factor for noncirculatory loading

r nondimensional radius of gyration

s complex eigenvalue

t time

V flow speed

w downwash ; vertical component of flow velocity on foil,

positive in direction of negative h

x^ nondimensional distance from elastic axis to center of

gravity, measured perpendicular to elastic axis, posi-
tive aft as fraction of semichord b

y spanwise coordinate along elastic axis of strut

f damping ratio, giving damping as a fraction of critical

damping

amplitude of torsional displacement G

torsional displacement of strut about elastic axis, posi-

tive when leading edge moves in direction of positive h

K sweep parameter ; (2b tan A ) / L
ea

ea
elastic -axis sweep angle, positive for sweepback

ju, ,. approximation to generalized mass ratio for bending

motion

M ,; , generalized mass ratio
generalized

u . approximation to generalized mass ratio for torsional
"^torsion ^^

.

*
motion

p fluid density

<r local bending slope of elastic axis dh/dy
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-e local rate of change of twist along elastic axis 39/dy

CO circular frequency of oscillation

o) circular frequency of first torsional vibration in air

SUBSCRIPTS

i subscript to indicate that the parameter is associated

with ith strip station on strut

n subscript to indicate that the parameter is perpendicular

to elastic axis

SUPERSCRIPT

( • ) dot over a quantity indicates differentiation with respect

to time

* * *
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Free Surface

Foil Pod

Figure 1. Typical strut-pod-foil system

FIRST
TORSION

Figure 2. Uncoupled mode shapes of cantilever beam
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Figure 4. Experimental flutter speed Up as a function of bending
mass ratio for bending -type struts
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3 4

Torsional Mass Ratio

Figure 5. Experimental flutter speed Up as a function of torsional
mass ratio for torsion-type struts
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Figure 6. Reduced flutter speed U^/bwa as a function of torsional

mass ratio for torsion-type struts
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Figure 8. Hydroelastic mode characteristics for Model 2

(Two-dimensional loading calculation)
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Figure 9. Hydro elastic mode characteristics for Model 2

(Three-dimensional loading calculation)
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Figure 11. Hydroelastic mode characteristics for Model 2T
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Figure 12. Effect of loading modifications on calculated flutter

speed Up for Model 2T
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Figure 13. Calculated transient response for Model 2T at flutter
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Figure 14. Comparison of experimental and theoretical flutter

speeds for torsion-type struts without foils
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Figure 15a. Strut
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Figure 15b. Strut with pod

^S^
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Figure 15c. Strut with pod and foils

Figure 15. Calculated nodal lines for strut of Reference 2 at

83 percent submergence in water
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Figure 1 6. Hydrostatic mode characteristics for strut of

Reference 2 with pod and foils (Two-dimensional loading

calculation)
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Figure 17. Hydroelastic mode characteristics for strut of

Reference 2 with pod and foils (Three-dimensional loading

calculation
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APPENDIX

DESCRIPTION OF STRUT MODELS

MODEL 2

Model 2 was a blunt-based strut [4j constructed of solid steel.

Its dimensions are shown in Figure 18, and its structural characteris-

tics are summarized in Table 1. Spanwise distributions of lift slope,

aerodynamic center, and noncirculatory modification factor 3.re shown
in Figure 19.

MODEL 2 T

Model 2 T was constructed to the same specifications as

Model 2, except that a 2 -inch diameter pod was welded to its tip [4] .

Pod dimensions are shown in Figure 20. Weights were placed in the

body of the pod to produce different inertial configurations.

STRUT -FOIL MODEL

The strut [2] consisted of a solid bar of copper alloy covered
with flexible silicone rubber. The leading edge of the strut was coated

with a thin layer of plastic which was slit to reduce its stiffening effect

The strut profile closely resembled that of Models 2 and 2 T, except

for a rounded leading edge. Strut dimensions are shown in Figure 21,

Structural characteristics are given in Table 2. The three-dimension-

al loading curves for this strut were essentially the same as those

for Model 2, differing only in sweep angle.

The pod and foils were machined from solid aluminium and

were attached to the strut with bolts. Dimensions for these compo-
nents are given in Figure 22.
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Figure 18. Model 2 dimensions
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Figure 19a. Aerodynamic center location
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Figure 19b. Local lift coefficient slope Cn
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Figure 19c. Noncirculatory modification factor p

Figure 19.

Spanwise distributions of loading modification parameters

388



Flutter of Flexible Hydrofoil Struts

2.0 Dia

Dimensions in Inches
(Configuration G)

Figure 20. Pod used on Model 2T

///

Dimensions
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^3^

Figure 21. Strut used with pod and foils (Ref. 2)
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Figure 22. Pod and foil attachment for strut of Ref. 2
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TABLE 1

Structural Characteristics of Model 2

Model Parameter
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TABLE 2

Structural Characteristics of Strut of Reference 2

Model Parameter
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DISCUSSION

Reuven Leopold
U.S. Navy Naval Ship Engineering Center

Hyattsville^ Maryland^ U.S.A.

Thank you, Mr. Besch. Besides the interesting paper we may
congratulate you on finishing on time. The floor is open for discussion.

If no -one has a question ready, I guess I will fill in. I have an awful

lot of questions and I thought I would never get them in, but it looks

as though I shall.

The tested configuration was designed as a cantilever beam.
The analysis assumed the same, hence fixed at one end. In an actual

design, fixity cannot be (or by design is not) achieved. For example
the strut serves as a rudder, or is supported by a flexible foundation.

How w^ould this affect the flutter dominating mode shapes ?

REPLY TO DISCUSSION

Peter K. Besch
Naval Ship Researah and Development Center

Bethesda, Maryland^ U.S.A.

We can include motion of the hull and flexibility of the hull in

our analysis, but we have not done so in this paper. Our paper merely
consists of the analysis of existing results, and we admit that further

analysis would be required for full-scale applications. The analysis

requires further development in order to be able to treat model re-

sults successfully and these are firmly supported cantilever beams.
It must further be remembered that no full-scale data is available of

any type in this area, so further work must be done.
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DISCUSSION

Reuven Leopold
U.S. Navy Naval Ship Engineering Center

Hyattsville^ Mary landj U.S.A.

Thank you. I have a few more questions.

The authors stated that predicted mode shapesand frequencies
are nearly always accurate when 3-D hydro -loading is used. Could
they elaborate on the techniques used ? How many modes were extract-
ed per typical model, and what is the cost and length of calculation
time for such an effort ?

REPLY TO DISCUSSION

Peter K. Besch
Naval Ship Research and Development Center

Bethesdaj Maryland^ U.S.A.

We have extracted ten modes for each strut at each speed. The
accuracy would normally only remain good through four or five modes.
But we have found that it is only necessary to analyze the first four
modes to conduct the stability analysis. Therefore the accuracy of
higher modes would not be particularly important in our flutter analy-
sis. The calculation is fairly efficient in that one detailed flutter ana-
lysis can be conducted in approximately ten minutes, on a CDC 6700
computer.
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DISCUSSION

John P. Breslin
Stevens Institute of Technology

Hobokenj New Jersey j U.S.A.

If I understood correctly, Mr. Besch said that for the bending
type of flutter the correlation achieved was much better when one
used two-dimensional hydrodynamics than when one used three-dimen-
sional. If that is so, it is surprising to me, and I wonder if he could

tell us briefly what the three dimensional calculation included and what
it excluded ?

REPLY TO DISCUSSION

Peter K. Besch
Naval Ship Research and Development Center

Bethesda, Maryland^ U.S.A.

First of all, the two dimensional calculation consisted of

Theodorsen loading with a modification to allow for coupling between
bending and torsion due to the sweep angle. This is the NACA swept
wing flutter theory ; it was further developed by Yates at NASA to in-

clude spanwise variation in the two-dimensional lift slope and in the

two-dimensional aerodynamic centre location at each local position.

The calculation was further extended by us to include the modification

for spanwise variation of non-circulatory loading. So we have three

quantities varying in a spanwise direction to permit simulation of

three-dimensional flow. It seems that the first large improvement in

accuracy is obtained by including sweep angle. Further modification

which includes the load parameters I have just mentioned does not

produce generally accurate results.
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DISCUSSION

John P. Breslin
Stevens Institute of Technology

Hoboken^ New Jersey, U.S.A.

What you are saying is that the two-dimensional method was
modified to account for a spanwise variation. An unsteady three-
dimensional theory from the outset was never applied. Is that right ?

REPLY TO DISCUSSION

Peter K. Besch
Naval Ship Research and Development Center

Bethesda, Maryland^ U.S.A.

The lift slope and aerodynamic center modifications were de-
rived from steady lifting -surface theory. The remainder of the loading

was a fully unsteady formulation.

DISCUSSION

John P. Breslin
Stevens Institute of Technology

Hoboken, New Jersey , U.S.A.

You mean a three-dimensional analysis.
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REPLY TO DISCUSSION

Peter K. Besch
Naval Ship Research and Development Center

Bethesdaj Maryland^ U.S.A.

The hydrodynamic analysis was not an unsteady three-dimen-

sional theory in the sense of a lifting -surface theory. A two-dimen-
sional unsteady strip theory was modified using three-dimensional
steady lifting -surface theory.

The only parts of the three-dimensional loading formulation

that were independent of frequency were the lift slope and aerodyna-
mic center distributions. The reduced frequencies of the bending

-

type struts at flutter are welle below 0.1 , so the above approximation
is valid for this region. Torsion-type struts have higher reduced fre-

quencies at flutter, but the flutter calculation is more accurate for

this region.

DISCUSSION

Reuven Leopold
U.S. Navy Naval Ship Engineering Center

Hyattsville^ Maryland^ U.S.A.

If there are no other questions, as we have a few more mi-
nutes, perhaps you would allow some of the designer in me to come
out in a few comments. There are problems that come to the designer

many times as design changes, since that is the name of the game.
In the area where flutter is a consideration such changes pose difficult

problems. It is evident from the Paper, and from other investigations,

that the flutter evaluation is sensitive to small changes in the struc-

tural stiffness, weight distribution and geometry. During an actual

design and fabrication many changes take place. A typical example is

when skin thickness is designed to a minim;im gauge, whereas in the

actual fabrication a standard gauge is used. While such design changes
are usually in the direction of lowering the static design stresses and
deflections, the modification in structural characteristics may result

in lowering the flutter speed. It is thus important to direct the flutter

investigation effort towards sensitivity type evaluation of the various

configurations to variations in the governing parameters. This will

assist the designer in assessing the design adequacy from the hydro-
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elasticity viewpoint - in other words, provide a tool for the designer,

and that is something which sonaetimes research efforts do not cul-

minate in.

That was merely a comment.

400



ON THE DESIGN OF THE PROPULSION SYSTEMS WITH
« Z » DRIVES FOR HYDROFOIL SHIPS

A. A. Rousetsky

Kryloff Ship Research Institute
Leningrad^ U.S.S.R.

ABSTRACT

The design features of propeller with "Z" power
drive are described. The data on the velocity field

produced by the propulsion pod are given and re-

commendations for choice of the elements of pro -

peller and propulsion pod adapted to velocity field

are given.

Information on the hydrofoil "Typhoon" propulsion

system design are set forth.

The propeller powered through an inclined shaft is the most
extensively employed propulsion system for hydrofoil ships. Such

propulsion systems distinguished by simple design are used for most
hydrofoil ships now in operation. However, this system has some
disadvantages. The oncoming flow obliquity due to the propeller shaft

inclination results in the periodic change of the incident angles of the

propeller elements, the amplitude being increased with the decrease

in the relative radius. The variation of the incident angles prevents

from designing the optimum propeller, from the point of view of pro-

pulsion qualities, and forces the designers to make a certain compro-
mise, while choosing the propeller elements, to avoid the intensive

erosion damages on the propeller blades. The method of designing

the propellers adapted to the oblique flow is described in papers

[1] . [2]

The experience obtained in calculating such propellers shows

that with the oblique flow angles exceeding 14° - 15° the design of

the ship propeller displaying satisfactory erosion characteristics has

failed. At the same time the improvment of the hydrofoil ship seakeepinj

401



Rousetsky

qualities requires the increase in clearance between the ship bottom
and free surface and this dictates the increase in the propeller shaft

inclination . That is why the propulsion system known as "Z" drive
came into use on seagoing hydrofoil ships . There are different va -

riants for "Z "drives distinguished by the arrangement of ship propel-
lers : (a) single propeller "Z" drive with one propeller at the forward
end or at the after end of the propulsion pod and (b) twin propeller
"Z" drive where one propeller is at the forward end of the propulsion
pod and the other is at its after end . The disadvantages of the latter

"Z" drive are due to the forward propeller effect upon the flow around
"Z" drive and the after propeller operation . This effect can result in

intensive erosion damages on Z -drive elements situated in the forward
propeller wake . As a consequence such type of the propeller arrange-
ment is used only for "Z" drive intended for high power transmission
where the decrease in dimensions of the gear assembly and propulsion
pod is required . From the point of view of providing the uniform velo-
city field in the propeller disk , (a) -variant with a propeller at the for -

ward end of the propulsion pod is preferable ; however , the propulsion
efficiency of this "Z" drive is somewhat below the efficiency of "Z"
drive with a propeller at the after end of the propulsion pod . Besides
there is a danger of erosion damage on "Z" drive hull . Thus at pre -

senf'Z" drive with a single after propeller is considered to be the most
attractive ; a number of hydrofoil ships are equipped with such " Z "

drives .

The design of propeller "Z " drive propulsion systenn involves

a series of problems which can be divided into two groups : the first

group deals with choosing the geometry of the propulsion pod and strut;

the second group deals with designing ship propellers adapted to the

velocity field generated by "Z " drive hull ,

Generally the propulsion pod-and-strut cross sections are pre-
determined taking into account the arrangement of the gear assembly
and bearings of the vertical shaft . Since the increase in the wetted
surface is unfavourable , from the point of view of resistance , the

problem is reduced to the choice of minimum length-to-diameter ratio

providing the absence of cavitation on these elements .

As the calculations and experiments show , length-to-diameter
ratio providing the minimum resistance lies in the range of 4-5 ; in

this case no cavitation occurs on the propulsion pod up to cavitation

numbers 0.2-0.3 . Circular-arc cross sections for the propulsion
pod are preferable provided that there are no structural impediments .
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To preclude cavitation on the strut its maximum relative thick-

ness in the first approximation may be determined according to the

following empirical formula :

<^
^

max 2, 5

where 6 is the cavitation number .

This formula holds for the profiles with a fairly unique pressure
distribution . Specifically , NACA-16 and Mandel profiles comply with

these requirements . At the place of the strut-free surface intersec -

tion the strut profile usually has the form of a symmetric segment de -

veloping smoothly into the parent profile of the part immersed . The
most critical element of "Z " drive is the junction of the pod with the

strut because here , and particularly in its bow part , the cavitation

inception is possible . The radius of the fillet at the place of junction

is chosen so that the thickness -chord ratio should not exceed the value

& max .

It is obvious that with the proper choice of "Z " drive forms
the cavitation can be avoided only in a comparatively narrow range of

incident angles . The critical cavitation number versus the angle of

incidence is shown in Fig. 1 .

For designing the propeller to be mounted on " Z " drive the

knowledge of the hull -propeller interaction factors is necessary .

The distinguishing feature of the propulsion system in question is the

large value of D/d ratio where D is the propeller diameter , d is the

pod diameter . In these conditions the decisive role in the formation of

the nominal wake in way of propeller belongs to a potential component .

Replacing the propulsion pod with a system of singularities makes it

possible to calculate in the first approximation the value of nominal
wake . It is of interest to note that in the range of diameter relation

(l . 5 < -3- < 2 . O) under discussion the wake value is practically inde -

pendent of this relation . This is supported by the data in Fig. 2 where
the values of the nonminal wake are plotted against the pod length-to-

diameter ratio at different -=—

As is known , "Z "drive propellers operate at comparatively
small load factor values 6p ranging from 0. 3 to 0.6 . It makes pos-
sible in practical calculations to consider the effective wake to be
equal to the nominal one . To proceed from the assumption that the wake
is potential , the thrust deduction factor can be calculated from the

known formula .
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2 Wp
t = 1 +\ 1 + 6p

(2)

where Wp is the nominal potential wake factor .

The thrust deduction factors calculated by formula (2) hold ,

strictly speaking , for the perfect fluid only , however , the errors
due to this assumption are essential but at very small load factors .

The interaction factors can be refined through the tests in a cavitation

tunnel . During the tests " Z " drive resistance and propeller perfor -

mance curves are recorded . Apart from the refinement of the inter-

action factors , the tests make it possible to reveal the propeller ca-
vitation effect upon the value of these factors . When analysing these
experimental results the wake and thrust deduction factors may be
determined by the follow^ing formulae :

A p A R
W = 1 , t = —

where A p - propeller advance ratio ,

A - apparent advance ratio ,

P - propeller thrust ,

AR - gain in resistance of "Z " drive due to the presence of

propeller .

The tests with various types of "Z " drives showed that the

wake value was independent of the propeller loading . This gives
grounds to consider that the wake value will neither be influenced by
the propeller loading changes due to cavitation .

Therefore the wake value obtained by the comparison of the

propeller performance curves for subcavitating regimes maybe used
in further calculations . For the agreement of the propeller perfor -

mance curves in open water and downstream of "Z " drive under cavi-

tation use is made of the correction factors taking into account the

effects of the flow nonuniformity and pressure change in the propeller
disk upon the propeller thrust and torque .

The dependence of the thrust deduction factor upon the propel-
ler loading and cavitation number for the propulsion system with the

pod length-to-diameter ratio —r- = 5 and ^— = 1 . 5 is shown in Fig.

3 . As is seen with the development of cavitation the thrust deduction
factor decreases . This result is in qualitative agreement with the

conclusions of the paper [ 3
J
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Byway of comparison the thrust deduction factor calculated by.

Eq. (2) is plotted on the same curve against propeller loading in the

absence of cavitation . The value Wpnom for the propulsion system
under study amounts to 0.0 45 .The agreement of t-values in the range
of moderate and high loads is considered to be quite satisfactory .

The propeller mounted on "Z " drive operates in a radially
nonuniform axial flow . Besides this the propeller oncoming flow ex-
hibits circumferential nonuniformity due to the strut effect and some-
times due to the foils adjacent to the pod .For the purpose of adapting
the propeller to the wake the results of the experimental investigation
of the velocity field are used . The typical results of the measurements
for "Z " drive with length-to-diameter ratio —r-- 5 are given in Fig. 4
(a) and (b) . It is of interest to note that the nominal wake factors obtai-
ned by integrating the diagrams of velocity distributions are in good
agreement with the theoretical data and also with the design wake factor
defined in terms of propeller characteristics .

In making calculations use is made of the wake values averaged
over the circumference ; however , after the propeller design is finished
it is necessary to verify the possibility of cavitation inception on the

face of propeller blade in the positions corresponding to the minimum
wake values . The most effective method of verification is the visual
observation during the tests in a cavitation tunnel .

In choosing the optimum values of the propeller diameter and
the number of revolutions for the propulsion systems with "Z " drives
it should be taken into account that the increase in the number of revo-
lutions makes it possible to decrease the dimensions of the reduction
gear and consequently the propulsion pod dimensions and , as a
result , to decrease "Z " drive resistance . In this case the number
of revolutions may increase in comparison with the optimum number
specific for an isolated propeller .

405



Rousetsky

REFERENCES

I. A.TITOFF, A. A. ROUSETSKY, and E. P. GEORGIEVSKAYA,
"Prineiples of cavitating propeller design and development on

this basis of screw propellers with better resistance to erosion
for hydrofoil vessels "Raketa" and "Meteor", Seventh
Symposium on Naval Hydrodynamics, 1968, Rome.

E. P. GEORGIEVSKAYA, "Propeller cavitation erosion and
methods of protection" (in Russian), Sudostroenie, 1970.

V. F. Bavin, I. J. MINIOVICH, "Experimental investigation of

interaction between hull and cavitating propeller", 10 th ITTC,
1963, London.

406



Design of "Z" Drives for Propulsion of Hydrofoil

6,



Rousetsky

0,05

0.04

0.03

c;02

aoi —



Des'ign of "Z" Drives for Propulsion of Hydrofoil

o
a,

a
o

o
u

(U

^



Rousetsky

1.0

V

Vo

019

0.8

Ot7

0,6



Design of "Z" Drives for Propulsion of Hydrofoil

DISCUSSION

Henry M, Cheng
Office of the Chief of Naval Operation

U.S.A.

The author has discussed in the paper mostly what is involv-

ed in and the implications of a 'Z '-drive propulsion system. However
the technical information presented is very sketchy. I wonder if he is

purposely doing so to tease us. Figure 3, showing information on

thrust reduction, as he defined it, is only applied to a particular con-
figuration of the pod, that is the L over d equals 5, and the diameter
of the propeller (D) to the diameter of the pod d is I. 5. I wonder if any
more work is being done with other configurations for different L over
Ds and D over ds.

Secondly, in the conclusions the author alluded to the fact

that the paper is to help us to choose the optimum designs among the

parameters, and yet the information presented is incomplete to help
us to accomplish this. If it is not already in the plan I am certainly
hopeful that this work is going to be pursued.

The third point is that the title implies the whole propulsion
system of a 'Z '-drive, whereas the discussion of the other elements
of the system, which are very important and have pronounced effects

on the selection of the pod, the proportions and the propeller itself, is

done only briefly. The material presented is considered only a very
small portion of the total system. I wonder if the paper is intended for
a general discussion and some more information will be coming from
the author ?

Lastly, the information presented is intended for hydrofoil
ships application. To my knowledge there are very few, if any, hydro-
foils with propulsion pod independent of or divorced from the foil.

This brings me to my comment : whether this information is useful at

all, if the pod is separated from the foil which is dependent of the load-
ing and the other components of the total system that we call the pro-
pulsion system here.

411



Rousetsky

REPLY TO DISCUSSION

Vjacheslav N. Treshchevsky
^y^off Research Institute

Leningrad U.S.S.R.

I can say that the method described in the paper has been
used in the design of several hydrofoils, so that considerations con-
cerning the construction of hydrodynamical complex in general were
taken into account.

DISCUSSION

R,euven Leopold
U.S. Navy Naval Ship Engineering Center

Eyattsvillei Maryland^ U.S.A.

I have a couple of questions relating to the L over D ratio.

Has the author established the horsepower range in which pods of 4

to 5 are not over-large in relation to the gears they enclose ? Would
not the pod of the higher L over D which enclosed the gears more ef-

ficiently be preferable ?

Secondly, the statement that the higher power 'Z '-drive led

to a tandem propeller requirement should also be questioned. How
would the author propose to avoid cavitation on the aft propeller re-
sulting from flow distortions and vortices of the forward propeller ?
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DISCUSSION

Jorgens Strom - Tejsen
Naval Ship Research and Development Center

Bethesday Maryland U.S.A.

I should like to make a few comments to supplement what
Henry Cheng has said.

The application of the propulsion pod has certainly many ad-

vantages, as pointed out by the author, in particular the fact it is

possible to align the propulsion pod in such a way that the flow into

the propeller becomes cleaner and more uniform. It is possible to

reduce cavitation and vibration. On the other hand, the introduction

of a 'Z '-drive with its complexity of gearing and so on has certainly

discouraged its application by most. I would like to bring to your at-

tention the fact that this year wa shall see the development of a super-
conducting motor which would make it possible to use the propulser
pod eventually, at some time in the future. A simple conducting
motor would make it possible to have the motor itself mounted down
in the pod and still have a sufficiently small size so that the diameter
of the propeller to the diameter, of the pod would still be of the order
of magnitude mentioned by the authors. To what extent is work of

this nature being pursued in the Soviet Union today ? Looking through
the literature on hull-propeller interaction or propulser-pod-propel-
ler interaction, it is very clear it is difficult to find any really good
information about wake and thrust deduction. We have a lot of infor-

mation from submarines and torpedoes but for most of these cases
the propeller diameter is much smaller than what we are talking

about here. So I should like to compliment the authors for providing
this information ; it is very valuable. The effect of cavitation on
thrust deduction is extremely interesting. We have to realise that in

the net thrust efficiency for a propulser pod combination the thrust
deduction comes in as in any hull-propeller interaction with its full

weight, so that unless we can predict the thrust deduction with accura-
cy we cannot predict this combination. Two or three points means
quite a lot. Figure 3, for instance, shows very clearly how the effect

of cavitation might change the thrust deduction from, say, . 05 to . 02.

It is three percentage points.

,

I should like to add my plea to Henry Cheng's for additional
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information. It is most important, because if we are going to put a
right-angled drive, with its complexity of gears, shafts and double
gears down in the pod, and so on, the real problem becomes, as
Henry Cheng mentioned, a matter of optimising a system of the pod
and the propulser. So long as we have a conventionally loaded or light-

ly loaded propeller there is really no problem in that the optimum
combination can be found, this being very close to the optimum pro-
peller or may be one could say it is a trade-off between weight and the

propeller itself, but as we come to the very lightly loaded propeller,
as we find them on these craft, hydrofoil boats and so on, it is neces-
sary to take the total system into account in optimising the hydrodyna-
mics. We have to have both the pod track in the picture and the pro-
peller.

It turns out that the optimum combination is a trade-off be-
tween the two. It is not the optimum propeller but we have to have a

much higher shaft rpm in order to get high efficiency. I wonder if the

author has any comments or could add something about the kind of

work being carried out in the Sovied Union today. I think this was also
pretty similar to what Henry Cheng mentioned.

Finally, I should like to ask a question related to Figure 2.

There we see the wake for the pod. Of course the wake is very small.
It is suggested from this figure that the diameter of the propeller to

the diameter of the pod is really of minor importance, and in a way I

can only agree. On the other hand, I think it might well leave us with
the impression that the diameter of the propeller is of no significance
at all, and that is certainly not so. It is quite clear that as the pro-
peller diameter to pod diameter increases we see the wake being re-
duced, and we ought to see a set of curves where the uppermost curve,
for instance, can be for a smaller propeller diameter to pod diameter
ratio and then other curves coming further down. So I am suggesting
that the propeller diameter is a parameter that ought to have been in

that curve and which will show up as soon as we cover a wider range
of propeller diameter to pod diameter ratios. Are any curves available
at present ? That is my last question.
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DISCUSSION

William B. Morgan
Naval Ship Research and Development Center

Bethesda^ Maryland^ U.S.A.

1. Reference to Figure 3 what is the definition of a p ? Is ae

on Figure 3 the cavitation number or does it have some other defini-

tion ? Were the experimental data presented in this figure obtained in

the cavitation towing tank.

2. In 1963 at the 10*^ ITTC, results were presented from the

Kryloff Shipbuilding Research Institute on a propeller which was vent-

ed with air and operating behind a ship's hull. The results were much
the same as shown in Figure 3. However in 1969 at the 12^^ ITTC,
results presented from the Kryloff Shipbuilding Research Institute on

a cavitating propeller operating behind a hull in the cavitation towing

tank. These results indicated that the thrust deduction might go up
with increasing cavitation. Would the author please comment on the

discrepancy between these results ?

DISCUSSION

Horst Nowacki
University of Michigan

Ann Arbor3 'Michigan^ U.S.A.

1 would appreciate clarification as to whether the definition

of the wake fraction Wp used in connection with Figure 2 of the pape
is actually the same as in equation (2) of the paper. In the context of

equation (Z) one would expect the wake fraction on the propeller axis

in the propeller plane to be used whereas in Figure 2 the volume
average of the nominal wake fraction in the propeller plane might
have been presented. Is this understanding correct ?
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REPLY TO DISCUSSION

Vjacheslav N. Treshchevsky

^y^off Research Institute
Leningrad U.S.S.R.

I am thankful to Mr. Strom-Tejsen for his comments. He is

right pointing out that the wake must decrease with increasing D/d
ratio. For instance, for L/D = 5 and D/d = 2, 5 the value of the

wake is about 0, 02-0, 025. But D/d = 2, 5 is too large for practical

realization, and Figure 2 corresponds to D/d ratios which are of

interest for 'Z'-drive design. I also share Mr. Strom-Tejsen's point

of view that taking into account the pod resistance and weight charac-
teristics the efficiency of the whole complex is more important than

the maximum fo the propeller efficiency. But the increase of the

number of revolutions usually correlates with the loss of the effective

thrust corresponding to take-off conditions. Thus when power is res-
tricted these considerations cannot always be realised.

In connection with Mr. Leopold questions I can say that at a

given pod diameter and assuming L/d > 5 we have as a consequence
the decrease of efficiency. Increase of the L/d ratio may be neces-
sary when speed increases and general design considerations are
taken into account. As for better conditions for the after propeller of

the two propeller 'Z'-drive construction the free vortex density of the

forward propeller must be relaxed and the ratio D for/D aft > 1

chosen.

Answering Mr. Morgan's question concerning Figure 3, I am
to tell that X means the cavitation number, ap = -c—X \ii

- the load

factor. The increase of the thrust deduction due to propeller cavitation

can take place only when after the propeller some construction ele-

ments are present.

I can also inform in connection with Mr. Novae ki question

that in formula (2) the effective potential wake, and on Figure 2 - the

nominal one are used.

To conclude, I can say that the method described in the paper
was used in design of hydrofoils, so that considerations concerning

the construction of the hydrodynamic complex in general were taken

into account. Information on one such hydrofoil - Typhoon was published
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in our Shipbuilding magazine.

DISCUSSION

Reuven Leopold
U.S. Navy Naval Ship Engineering Center

Hyattsville^ Maryland^ U.S.A.

You mentioned that you have used this to desing an actual

case. What is the power, if you have built one in actuality ?

REPLY TO DISCUSSION

Vjacheslav N. Treshchevsky
Kryloff Research Institute

Leningrad U.S.S.R.

I can mention one hydrofoil of that type built. It is called

Bafun in Russian. All the details of the construction of this vessel

were published in our suipbuilding magazine earlier this year, so

you can find that. It is the largest vessel with 'Z '-drive in the Soviet

Union.
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ABSTRACT

The hydrodynamic development of a new planing

craft intended for sustained high-speed operation

in a seaway is discussed. The design philosophy is

presented and then implemented to achieve optimum
hull form and loading for both smooth and rough
water operation of the craft. The resultant hull form
is a high length-beam ratio, highly loaded, double

chine configuration which provides greatly improv-
ed seakeeping, high speed and high maneuverabili-

ty.

Extensive model tests w^ere conducted to predict

the SHP ; EHP ; seakeeping ; course -keeping sta-

bility ; and turning characteristics of the design.

The extensiveness of the model test program and
data analysis are unique for a planing craft. These
results are presented in a form which should be of

general interest to the designers of a high-speed
planing craft.

INTRODUCTION

Although world navies are traditionally considered to be high

sea state fleets with ocean- spanning capabilities, the small, high-
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speed craft is an essential complement to this fleet. These small
craft are called into service to assist in ASW operations ; to patrol
in coastal and riverine environments ; and to act in concert with larger
naval units. Although ubiquitous in numbers, small craft are not in-

dividually a high portion of total naval capability, cost, or personnel.
In fact, on an equal cost basis, it appears that more units can be pro-
cured which can cover more areas than can larger ships. These fea-

tures have made the small, high-speed craft attractive as the princi-

pal naval force for many small countries with large coastlines.

There are basically four different types of small, high-speed
craft, i. e. , round-bottom boats, hard-chine planing craft, hydrofoil

boats, and various forms of air-supported vehicles. The most nu-
merous of these craft is by far the hard-chine planing hull-especially

when considering speed-length ratios in excess of approximately 2.

where dynamic lifting forces are significant. Because they are equip-

ped with large power, lightweight engines, it is not uncommon for

planing craft to operate at speed-length ratios in excess of 5. 0.

Further, it is also not uncommon for these craft to operate sufficient-

ly removed from the coastline so that moderate to high sea states are
their normal environment. Thus, the small boat designer is faced
with the formidable task of producing craft whose high speed potential

is not seriously compromised in rough seas.

The purpose of the present paper is to describe the hydro-
dynamic development of a new planing craft intended for sustained

high-speed operation in a seaway. The design philosophy is presented
and then implemented to achieve optimum hull form and loading for

both smooth and rough water operation of the craft. The resultant hull

form is a high length-beam ratio (6. 5), highly loaded (beam loading =

0. 75), moderate deadrise ( /3 = 20°), double chine configuration

which provides good seakeeping, high speed, and large maneuverabi-
lity. Extensive model tests were conducted to predict the SHP ; EHP ;

seakeeping ; course -keeping stability ; and turning characteristics of

the design. The extensiveness of the model test program and data ana-
lysis are unique for a planing craft. The present paper presents these
results in a form which should be of general interest to designers of

high-speed planing hulls.

POSTULATED PERFORMANCE OBJECTIVES

The design of any marine craft is based upon specifications

which have been prescribed to achieve desired performance objecti-

ves. Among the more significant requirements which have a pronounc-
ed influence on hull form are : operational speeds ; dimensions and
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weight of payload components ; sea state; tolerable "g" loadings in

that sea state ; restrictions on draft, length, and beam, metacentric
stability ; and maneuvering qualities. Certainly, special purpose craft

have additional restrictions but these are not included in this study.

For the present paper, the following set of performance spe-
cifications are prescribed.

1. Full Load Displacement : 150,000 lbs.

A designer's experience is invaluable in making the first

engineering estimate of full load displacement. Nevertheless, design
studies and possible model tests are carried but at additional displa-
cements of approximately 80% and 120% of the initial estimate.

2. Maximum Speed : In excess of 40 knots.

Interception and attack missions require high speeds. For
the present study, a nominal speed of 45 knots is assumed.

3. Cruise Speed : Approximately 12 knots.

A patrol mission requires long endurance at slow search
speeds. A cruise speed of 12 knots is selected.

4. Maximum Hull Draft : 3.5 ft.

5. Operational Sea State : 3.

It is desired that the craft operate at 45 knots in a state 3

head sea having a significant wave height of 4. 6 ft.

6. Average Center-of-Gravity Impact Acceleration : (rj ) = 0. 4g

It is specified that the average center-of-gravity impact ac-
celeration should not exceed 0. 4g while running in a state 3 head
sea at 45 knots.

7. Metacentric Stability : GM = 3.0 ft.

A GM of 3. ft. was selected to provide metacentric sta-

bility under conditions of high wind and severe super-structure icing.

The above set of requirements do not pre -specify the length
or beam of the craft. There may, of course, be operations where
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either of these dimensions nnust be fixed in advance. The design pro-
cedure developed in subsequent sections of this paper can be equally
applied to those cases and will show the extent to which the pre -spe-
cified length, for example, may inhibit attainment of the performance
requirements.

DESIGN PROCEDURES FOR BASIC HULL DIMENSIONS

In this section of the paper a methodology is developed for

rationally selecting the length, beam, longitudinal center -of-gravity,

nominal deadrise, and effective horsepower of the basic hull form
which will satisfy the performance requirements previously specified.

No attempt is made to optimize the hull design to attain, say, mini-
mum resistance while satisfying the seakeeping requirements. This
can be developed as a subsequent study using the basic design proce-
dures developed herein.

The design procedure is primarily based upon a combina-
tion of smooth water prediction techniques such as given in References
1 and 2, and rough water prediction techniques such as given in

Reference 3 . While both studies are concerned with prismatic
planing hulls (constant beam, constant deadrise, buttocks parallel to

the keel) these techniques have been successfully applied to actual

hull forms by proper selection of an effective constant deadrise and
beam.

Separate considerations are first given to relating hull di-

mensions to the following hydrodynamic characteristics

1. Hydrodynanaic Impact in a Seaway

2. Hydrostatic Displacement

3. Smooth Water Planing (High Speed)

4. Smooth Water Operation (Low Speed)

5. Metacentric Stability

The results of these elemental studies are then combined to

specify a hull form, overall dimensions, center of gravity, and ef-

fective horse-power to achieve the operational objectives.
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Hydrodynaraic Impact in a Seaway

In Reference 3 , Fridsma presents the results of a syste-
matic study of the effects of deadrise, trim, loading, length-beam
ratio, bow section shape, speed, and sea state on the performance of

a series of prismatic planing models operating in irregular waves. A
statistical analysis of the measurements of added resistance, heave
motions, pitch motions and impact accelerations resulted in quanti-
tative relations between these measured quantities and hull dimensions
and operating conditions. The results of those parametric studies are
summarized in design charts which enable full-scale performance
predictions for planing craft. Using the procedures described by
Fridsma, the average center of gravity acceleration is computed for
a range of combinations of beam, length-beam ratio, deadrise and
trim angle for a maximum speed of 45 knots in a state 3 head sea.
To enter the design charts of Reference 3 , the following coefficients
are evaluated :

= Beam loading =
„3wB

V /\/L = Speed-length ratio

L/B = Length-beam ratio

H^ / /B = Significant wave height/beam = H /^/B

C = Speed coefficient = V/\/gB

where

A = displacement = 150, 000 lbs.

V = maximum speed = 45 knots

V = maximum speed = 76 ft/sec.

L = length between perpendiculars, ft.

B = average beam over aft 80% of hull, ft.

H / = significant wave in state 3 sea = 4. 6 ft.

w = weight density of water = 64 lbs/ft-^
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P = mass density of water = 2 lb-sec /ft

deadrise angle at station 5 , degrees

trim angle of mean buttock line, degrees

average vertical acceleration at center of gravity "g"

l/lO highest vertical acceleration at center of gravity

"g". From the statistical analysis of Reference 3 ,

^^CG^/1
= 3. 3 CG avg

The previous coefficients are evaluated for a range of initially assum-
ed values of beam :
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directly from these design charts for arbitrary combinations of L/B,
l/C ^ , V, /\/L^ and HP /B such as listed above. It is to be not-

ed that these results are for a crim angle of 4° and a deadrise angle

of 20°. Corrections for other combinations of trim and deadrise
angle will be described subsequently.

For each assumed value of beam, the average CG accele-
rations for 45 knots in a state 3 head sea is obtained from the de-
sign charts of Figures 1-3 and plotted on the right half of Figure 4

as a function of length-beam ratio. These results are obtained by
extrapolations of the design charts as suggested in Reference 3 . The
ordinate of the plot in Figure 4 is the quantity :

(Average) L~4"
^ 3 Wj

which defines the dependence of acceleration upon trim and deadrise
as developed in Reference 3. For r = 4° and =20°, the quan-
tity in the square brackets is unity so that t? ^p (Average) as given in

Figure 4, corresponds to the design charts of Reference 3 . Super-
posed on Figure 4 are curves of constant boat length for various
combinations of beam and length-beam ratio.

The quantity t° /4 (5/3 - /3°/30) is plotted on the left half

of Figure 4 for ease of applying these results to arbitrary combi-
nations of T and /3 .

Some interesting observations can be made by an examina-
tion of the results in Figure 4 :

Effect of Beam on Hydrodynamic Impact :

All other conditions being equal, a reduction of hull beam
leads to significant reductions in impact load. For example, a 28%
reduction in beam (from 18 ft. to 13 ft.) results in a 69% reduc-
tion in impact accelerations (from 1. lOg to 0. 35g). Even a 1 ft.

reduction in beam, from 15 ft. to 14 ft. , decreases the impact ac-
celeration by approximately 2 9%. This powerful effect of beam
results from the large dependence of impact upon the inverse of beam
loading coefficient C /^ = A /wB . The effect of C ^ has long

been familiar to the designer of water-based aircraft (References 4
and 5 ) and has just recently been quantitatively identified by
Fridsma for the case of the planing hull.
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Effect of Trim Angle on Hydrodynamic Impact :

The hydrodynamic impact load is linearly dependent upon trim
angl& so that, within the range of data acquisition, a 50% reduction
in trim angle (from 4° to 2°) results in a 50% reduction in hydro-
dynamic impact load. The reference trim angle is the smooth water
running trim of the craft for the considered hull dimensions, loadings,

and speed.

Effect of Deadrise Angle on Hydrodynamic Impact :

The accelerations decrease linearly with increasing deadrise
so that a 50% reduction is achieved by increasing the deadrise from
10° to 30°.

In order of importance, then, impact loads in a seaway can
be reduced by providing a hull having a narrow beam, a low running
trim angle, and a high deadrise. As will be subsequently developed,
this results in as long and narrow a hull as can be accepted without

seriously compromising other essential operational conditions.

Relation Between Beam and Trim Angle to Achieve (^ <-/-)= = 0. 4g :

v^vj avg

Considering an initial deadrise angle of 20°, the relations

between beam and trim angle to achieve (
'^

c,q) ^^a ~ ^' ^S ^^^ ^^

established. The following tabulation follows from T'igure 4.
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(2) K= liij = r\ 5 /3

LVg{"^rr) ( ^ = 4°
, /3 = 20°) ^ ^

^^'

(3) T _ equilibrium trim angle to achieve ( r? )
= 0. 40 g forCG avg ' ^

^= 20°, V^ = 45 ;
A = 150,000 lb.

4K
= 4K

^3 30^

Static Displacement Considerations

The block coefficient for planing hulls can vary between 0. 40
and 0.50. Having fixed a draft of 3.5 ft. for the present design, the
relations between length and beam will take on a more limited set of
values.than those previously developed from considerations of only
hull impact.

C.
B L B d

where

A = 150,000 lbs.

L = length between perpendiculars, ft.

= maximum draft, 3. 5 ft.

= weight density of water, 64 lbs/ft^

d
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are closely represented by a single curve relating the data to L/v^/j.

Similar plots for other hull series are given in Reference 6 and also

indicate the pronounced dependence of low speed resistance on slen-

derness ratio. Using these results as a guide, it is concluded that a

value of L/vVs equal to at least 7. is essential for low resist-

ance at pre-hump speeds. For a displacement of 150, 000 lbs. , this

results in a nninimum hull length of 92 ft.

Comparing this criteria with possible combinations of

hull dimensions of page^, it is seen that a hull beam should be at

least equal to or greater than 14 ft. This limitation is also plotted on

Figure 6.

Metacentric Stability

- The specified requirement for nmetacentric stability is that

the GM be equal to at least 3.0 ft. An engineering estimate of GM
for a planing craft with deadrise is made using the following assump-

tions.

KB =^ d = -^(3.5) = 2.33 ft.

1 3>
I = water plane moment of inertia = .55 (— L B )

Preliminary weight estimates for the present design showed that the

vertical center of gravity of the craft, KG, is 6. 2 ft. above the Keel.

Considering a minimum boat lenght of 92 ft. , as determined from
the low speed requirement, the following values of GM are comput-

ed for each assunned beann.
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Hydrodynamic Impact ( 77 ^_) = 0. 4 g in state 3 head sea)CG avg ° '

Two possible options are available for a 20° deadrise hull.

(1)

(2)

B
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L =69 ft.

LCG = 35 ft.

L = 1. 10 X L = 76 ft.

The boat length of 76 ft. is 20% less than the 92 ft. length

required for low resistance at 12 knots and is thus not acceptable.

In summary then, the 20° deadrise hull was accepted as

best meeting the design requirements of the craft.

Description of Final Hull Form

The lines are shown in Figure 10 and show that the princip-

al dimensions of the craft are in substantial agreement with those de-
veloped by the design procedures presented herein.

Length, design waterline 92' -0"

Beam, lower chine (nominal) 14' -0"

Beam, upper chine (nominal) 15' -7"

Deadrise, station 5 20°

Deadrise, station 10 10°

Draft (full load) 3. 5

It is seen that the craft is a hard, double-chine hull whose
high-length beam ratio is favorable for low resistance and good sea-

keeping. Several detail design features are of interest and will be se-

parately described. Koelbel (Reference 8 ) provides excellent design

guidance in this regard.

Chine Configuration

It has been found that, for planing craft operating at speed-
length ratios greater than approximately 2. - 2. 5, a hard chine is

required to assure complete separation of the flow from the bottom.

At these speed-length ratios, a round bilge hull will prevent flow se-

paration and result in significant side wetting and thus increase the

hydrodynamic drag. The present 45-knot design condition corres-
ponds to a speed-length ratio of 4. 6 and clearly requires a hard chine
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configuration.

In designing a double chine configuration, it is important
that the upper chine location be within the cavity found by the boundary
of the flow separation from the lower chine. As shown by Korvin-
Kroukovsky (Reference 9 ), the trajectory of the free streamline re-

presenting the cavity of the boundary is a function of deadrise angle.

Figure 1 1 of the present report, which is taken from Reference 9,

plots the separation trajectory for various deadrise angles. It is seen
that the width of the separation cavity increases with decreasing dead-
rise angle. If the upper chine is located outboard of this cavity bound-
ary, the originally separated flow from the lower chine will reattach

to the bottom somewhere between both chines and thus preclude com-
plete flow separation from the lower chine. In the present design, the

outer deadrise angle is 45° and the outer chine is approximately
0. 80 ft. outboard of the inner chine. This is sufficient to clear the

lower chine trajectory at station 5 and result in complete separation

from the lower chine. Observations of the wetted bottom areas during

model tests confirmed this prediction.

Section Shapes

The section shapes are slightly convex. This section pounds
less than others of equal deadrise because there is less likelihood of

instantaneous water contact over large bottom areas.

Planform Shape

At high planing speeds, when dynamic lift predominates, it is

usual to narrow the beam towards the stern. This reduces bottom
friction without a noticeable loss in lift. The narrow transom also

avoids the possibility of reattachment of the separation cavity formed
in the region of maximum beam. For the present design, the transom
width was determined by considerations of space requirements for

the auxiliary machinery in the stern area. This resulted in a slight

reduction of beam towards the stern which, in the model tests, was
found to be sufficient to avoid flow reattachment.

Bottom Warp

The increase in deadrise with length forward of the transom
is referred to as bottom warp and is required to provide a relatively

high deadrise in the bow regions. Brown (Reference 10) has shown
that there is a slight reduction in planing efficiency for moderate va-
lues of warp. The slightly convex bottom sections, from keel to lower
chine, used, in the planing area aft of the high-speed stagnation line
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are easily warped to result in increased deadrise and curvature in the

bow sections. This combination reduces pounding and impact pres-
sures in a seaway. The transverse section shape above the lower
chine is increasingly more concave as the bow is approached. This
upper "flare" is desirable to deflect the bow spray outboard of the

deck and to provide additional buoyancy to reduce low- speed pitching

in a seaway.

Spray Rails

Spray rails are provided along both chines to assure flow
separation fronn the chines. The spray rail for the upper chine must
not extend into the separated flow cavity formed by the lower chine.

Otherwise flow reattachment will occur at high speeds. Separation
from the upper chine occurs at a speed-length ratio between 2. to

2. 5 while separation from the lower chine is expected to occur at a

speed-length ratio of approximately 3. 0.

Final Design

An artist's conception of the final design is given in Figures
12 and 13.

MODEL TESTS

Model tests were conducted at the Davidson Laboratory,
Stevens Institute of Technology to evaluate the performance of the

craft in smooth water and waves. A l/ll -scale model was used to

determine EHP and SHP. A l/l6-scale model was used to inves-

tigate the seakeeping, maneuvering, and turning ability of the craft.

Some of the principal results and test procedures are presented here-

in.

Resistance and Propulsion

Smooth Water Resistance

A l/ll -scale model was constructed according to the lines

of Figure 10. To assure flow separation from the bottom, the upper
and low^er chines of the model were sharpened by the addition of

mylar plastic strips which projected vertically a distance of l/32 of

an inch below each chine. Tests were made for a range of loadings

and speeds. The test procedure simulated towing the model through

the shaft axis. Measurements were made of the heave, trim, drag
and wetted areas. For the purpose of the present paper, Figure 14

presents a comparison between values of trim and drag computed by
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the procedures of Reference 1 and the results of model tests. The
comparison is for a displacement of 150, 000 lbs. with an LCG of

38 ft. In the computational procedure, the upper chine beam (15. 7 ft.
)

is used for speeds up to 40 knots and the lower chine beam (14 ft.
)

is used for higher speeds. This was consistent with test results where
complete flow separation from the lower chine was observed at speeds
greater than approxiraately 40 knots (full-scale equivalent). An ef-

fective deadrise angle of 20° was used in the computations.

It is seen that the computed and measured results agree well
enough to justify use of Reference 1 for engineering estimates of

planing boat performance. At speeds below 20 knots, extensive bow
immersion precluded application of the methods of Reference 1

which are restricted to prismatic -like planing hulls. Reference 6

will provide procedures for performance estimates at low speeds
where bow immersion is significant.

It is interesting to note the complete absence of a "hump"
trim in Figure 14. This is attributed to the high-length beam ratio

hull which, for normal LCG positions, is constrained to run at low
trim angles. The low trim is, of course, most beneficial to improv-
ed seakeeping.

Self-Propelled Tests

Self-propelled tests of the l/ll -scale model were carried
out to determine propulsion characteristics, e.g. wake fraction,

thrust deduction coefficient, relative rotative efficiency and, sub-
sequently, predictions of delivered horsepower.

The test program included resistance tests of the partly
appended model, open water tests of the stock propellers used in pro-
pulsion tests and self-propelled tests of the l/ll -scale model for

overload and underload conditions (so-called "British" method) at a

number of speeds and displacement conditions. The open -water tests

were carried out with the shaft horizontal and with a shaft inclination
of 12°. Self-propelled tests were made with all three propellers
driving and instrumented.

The rudders were not fitted for these tests since they are
located approximately 4 propeller diameters aft of the propellers,

out-of-line with any of the propeller races and, consequently, could
have little influence on propeller -hull interaction.

Three propeller dynamometers were installed in the model
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for measuring thrust, torque and RPM. These were "reaction" type
dynamometers having capacities of 10 lb. thrust, 5 in-lb. torque,
RPM up to 10, 000 and 0. 50 HP. The averaging of the force and
motion signals, as well as additional data processing, was accomplish-
ed using a PDP-8E computer on line. The computer has a built-in

analog -to-digital converter and is programmed to carry out operations
such as signal averaging, correcting for zero levels, and multiplying

by calibration factors to obtain results in engineering units.

Davidson Laboratory uses the overload and underload testing

procedure where a group of test runs are carried out at fixed speed
with various rates of propeller rotation. This type of test provides
information which may be applied for any desired assumptions concern-
ing appendage drag, roughness allowance, scale ratio, air drag or
rough water-drag increment.

Some typical propeller -hull interaction factors, derived from
the test data for the model self-propulsion point (towing force = O),

are given for a speed corresponding to 45 knots and a displacement
of 150, 000 lbs.

1 - W^ = 0. 99

Wake fractions =,•,,, « «/
1 - W = 0. 9o

Relative rotative efficiency = = Q /Q = 0. 92RR o B

Thrust deduction = 1 - t = 0. 94

These values of wake fraction, relative rotative efficiency

and thrust deduction are used to select the particular propeller design
which absorbs the installed power at the proper RPM and speed and
has good efficiency even while operating under cavitating conditions.

It is interesting to note that the thrust wake fraction is 0. 99
indicating an essentially undisturbed flow to the propeller. The thrust

deduction is small, 1-t = 0. 94 , indicating a small effectof propeller-
induced flow on the hull resistance.

Rough Water Tests

The rough water performance was measured for several
loads and LCG positions in a variety of sea states. Measured quan-
tities included heave and pitch motions, vertical accelerations at the

bow and CG, and mean resistance in waves. During each test run, the
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data were processed by a PDP-8E computer on line. Each channel
of data was analyzed at the rate of 200 scans per second and, at the
conclusion of each test run, an ordered listing of the peaks and
troughs of the pitch and heave naotions and the accelerations at the bow
and CG were printed out in addition to statistics such as l/lO, l/3,

and average values. This instantaneous output of processed data was
extremely useful in interpreting the results.

A comparison between the computed average CG accelerat-
ion and the results of model tests is tabulated below for a displace-
ment of 150, 000 lbs, , a speed of 45 knots and a range of LCG in a
head State 3 sea.
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in a body axis system having its origin at the center-of-gravity.

The straight course tests were made at port yaw angles up
to 12° and at port roll angles up to 20°. Also, at zero yaw and roll

the effects due to rudder deflection up to 35° were measured.

The rotating arm tests were made at port yaw angles up to

12°, port roll angles up to 20° with the boat making port turns at

radii corresponding to 2. 5 and 5. boat lengths.

The model was tested at a displacement of 120, 000 lbs. at

an LCG = 34 ft. and at speeds corresponding to 14 and 45 knots.

The data obtained during the tests were processed on a digital com-
puter and tables of drag, side force, yaw raoment, roll moment, trim
and heave were produced as a function of yaw angle and roll angle for

each of the radii and speeds investigated. The reduced data were plott-

ed and cross -faired as a function of yaw angle and radius for each of

the speeds and roll angles. From these plots, which are not reproduc-
ed here, the coefficients needed for stability analysis were determined
and are tabulated below. These include the rates of change of side

force and yaw moment with yaw angle and radius at zero roll angle.

Hydrodynamic and Inertia Coefficients

Speed
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Dynamic Course Stability

Dynamic stability relates to the track of a vessel following a

small disturbance in, for example, heading angle when no corrective
action is taken (i. e. , controls fixed). A ship is said to be dynamically
stable when, having suffered a disturbance from an initial straight

path, it tends to take up a new straight path. The vessel may perform
diminishing oscillations about the new track. The degree of stability

is measured by the magnitude of a stability index which is negative if

the vessel is stable and vice versa.

The course stability may be found from linear differential

equations governing the craft's motion. The coefficients in these
equations may be found from the forces and moments measured dur-
ing steady state turns, as described above. At both 14 and 45 knots,
the craft is statically stable, that is to say that when run at a constant
yaw angle the yaw moment tends to reduce the yaw angle. Static sta-

bility is measured by the coefficient N^ and is positive for static

stability. However, the degree of static stability is not enough to im-
pair maneuverability. Since it is statically stable, it follows that the

craft is also dynamically stable, though oscillatory. These oscilla-

tions decay very rapidly, however, being damped to 40 % of the

initial disturbance by the time the craft has traveled one boat length.

The stability index has been calculated to be

Speed Stability Index

14 knots (T = - 0. 2 9

45 knots <T = - 0. 22

Turning Performance

The straight course tests with the rudders deflected showed
that the longitudinal position of the center of pressure coincided with
the quarter chord point of the mean rudder chord and the vertical lo-

cation coincided with the depth of the mean rudder chord. Thus, the

effect of the rudders can be represented by a force acting at the aero-
dynamic center of the rudder. The magnitude of the rudder "lift force"
was calculated from aerodynamic theory and confirmed by experiment
to be represented by a lift curve slope of 0. 0373 per degree.

The forces acting on the boat when making a steady turn to

port are shown in the following sketch.
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The equilibrium equations in side force and yaw moment are

Y = F + Y„ and N = / „Y„R '^ R R

which can be combined into

F = Y - N/ i R (1)

The component of centrifugal force in the x, y plane when the craft

has yaw and roll angle of /3 and <i> is

F = (w/g) (V /R) cos /3 cos V

For each speed and radius, the quantity Y - N//j^ is plotted as a
function of yaw angle for each roll angle and the yaw angles necessary
to satisfy Equation (l) are found. At these intersections, the roll

moment due to the rudder is found from

Kr = (Y-F)dj^
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where do is the distance of the rudder mean chord below the craft

VCG. This roll moment is superimposed on a plot of roll moment
versus roll angle to give the roll angles at equilibrium.

The results of this calculation show that the craft turning

diameter is less than 15 boat lengths and that it will roll inboard

during turns.

CONCLUSIONS

A quantitative design procedure is described to determine

the principal hull dimensions for planing craft intended to satisfy

prescribed operational conditions. The method.is applied to establish

a hull form required to operate at high speeds in moderate sea states.

Principal design features of this craft are described. Extensive model

tests were conducted to predict the SHP, EHP, seakeeping, course-

keeping stability and turning characteristics of the design. Some of

these model test results are presented.
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Figure 8. Double chine hull form selected for design
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Figure 11. Shape of free streamline for immersed V -bottom
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DISCUSSION

Manley Saint-Denis

University of Hawai
Honolulu^ U.S.A.

I am very happy that seakeeping has been treated in this paper

as the pre-eminent factor in the design of planing craft, for to the

present, seakeeping has been introduced in the design of small craft

hardly at all. Indeed it has been ignored except for raising the chine

at the bow and narrowing the beam. And then the designers have simp-

ly put their trust in God, hoping that he would be kind to them and to

the sea -beaten crews that would man in the open sea the craft they had

designed. Therefore, I am grateful that something is being done be-

cause, waves being independent of the size of the vehicle that ventures

over the surface of the sea, I suppose it is not a profound revelation

to state that the smaller the craft the miore she suffers. For a large

vessel, even a heavy sea can be only an inconvenience, but for a snnall

craft even a modest sea can lead to a very miserable experience.

Therefore, starting the design of planing craft by considering the sea

behaviour as the very first step in the process is the correct way to

proceed, and I am glad to see the authors have done just this.

My second point relates to the authors' conclusion that if you

narrow the beam, reduce the trim angle and up the dead-rise, things

will be better rather than worse ; and while the exposition of the paper

itself gives quite some insight into the sensivity of how impact, sea

behaviour and other effects are related to the design features, the

designers do not unfortunately go further into the matter.

I should like to point out that if all the authors wanted to do

was to show how to develop a design to fulfil some very rigid specifi-

cations, such as the inflexible ones they have stated, the design pro-

cess could be shortened considerably. In fact, one could develop a

simple computer program that would yield an almost instantaneous

answer, for the line of logic is simple and unambiguous in such a case.

However, the point I should like to raise is that the specifications are

not always quite as rigid as the authors have listed them, that indeed

one has to play with them somewhat, giving up somewhat little here to

gain somewhat more elsewhere : for example, take the problem of the

transverse metacentric height, the nnetacentric height is reduce by
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decreasing the beam, but this step also lessens the impact force, and
so one might be better off. Is it worthwhile ? How much is it worth-
while ? The answer is not easy, of course, but such type of problems
- so called trade-off problems - are not treated. The computer tech-
nique is in hand for coping very nicely with such problems and it is

feasible to set up a programme that would yield a design, by satisfy-

ing in an optimum manner an imposed set of trade-off criteria. There-
fore I hiimbly suggest that the authors, having been successful so far,

should continue their quest for further success by applying themsel-
ves to this step.

DISCUSSION

Reuven Leopold
U.S. Navy. Naval Ship Engineering Center

Hyattsvillej Marylandj U.S.A.

The importance of high endurance, and hence low resistance,

at low -about 12 knots- cruising speeds is emphasised. Certainly a

broad transom will have an adverse effect on resistance at these low
speeds. This point is not discussed in the paper. Was the possibility

of incorporating a method of trim control in a design to reduce or
eliminate transom immersion at low cruising speeds considered in

this design methodology ?

REPLY TO DISCUSSION

Daniel Savitsky
Stevens Institute of Technology

Hobokenj New Jersey 3 U.S.A.

Yes. Deliberate trim control was considered, but it is not

presented here.
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DISCUSSION

Reuven Leopold
U.S. Navy. Naval Ship Engineering Center

Hyattsville, Maryland^ U.S.A.

The requirement to achieve 45 knots in state 3 seas is empha-
sized. However the effects of air drag and sea state on the power re-
quired to propel the craft at 45 knots is not discussed. Assuming that

a state 3 sea is generated by a 15 knot wind, how much is the calm
water kn. relative wind resistance of the craft at 45 knots increas-
ed by the presence of a 60 knot relative wind and a state 3 sea ?

REPLY TO DISCUSSION

Daniel Savitsky

Stevens Institute of Technology
Hoboken^ New Jersey ^ U.S.A.

It is important to emphasize that the present paper presents a

rriethodology for rational design of planing hulls. The method has been
applied to a particular set of design parameters to demonstrate its

validity. It now remains to use this technique to develop optimum de-
signs as suggested by Dr. Saint-Denis and Dr. Leopold.
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MOTION AND RESISTANCE OF A
LOW-WATERPLANE CATAMARAN

p. C. Pien andC.M. Lee
Naval Ship Research and Development Center

Bethesdaj Maryland^ U.S.A.

ABSTRACT

The unusually large, useful deck area is the advan-
tage normally associated with catamarans. In addi-
tion, small-waterplane-area-twin-hull-ship (SWATHS)
can exhibit good seaworthiness characteristics in

rough seas but at the expense of high powering re-
quirements due to the large -wetted hull surface. A
well-balanced design of sucha craft must be the re-
sult of a compromise among motion, powering, and
structural weight considerations. In this paper, how-
ever, only the hydrodynamic aspect of the design is

discussed. It consists of two parts. The first part
deals with ship motion, while the second part deals
with resistance.

In the first part, a theoretical method of predicting
the motion and hydrodynamic loads of catamarans in

a seaway is given. Based on theoretical analysis,

tolerable limits onhuU characteristics are determin-
ed to ensure the desired motion characteristics. In

the second part, a set of lines is developed within
these limits such that the powering requirement is

an optimiim. This is done theoretically, based on
existing wavemaking -resistance theory. Finally, a
design example is given to show how hydrodynamic
theories are used in designing a SWATHS.

463



Fieri and Lee

INTRODUCTION

There are many types of naval ships which are volume-

limited. In such cases, the proposition of using a catamaran hull con-

figuration becomes very attractive because of its large deck area. A
conventional catamaran, however, was found to have some bad mo-
tion characteristics and cannot offer a stable platform in heavy seas.

Since the sea-excited ship motions can be reduced by submerging the

hull, a small -waterplane-area -twin-hull-ship (SWATHS) has become
a subject of great interest.

To explore the potential advantages of a SWATHS , a few

experimental models were developed and tested for resistance as well

as for motions. The expected favorable motion characteristics were
generally confirmed. However, the resistance level was found to be

unusually high, and the power requirement was much higher than ex-

pected. The percentage of structural weight to total weight of a SWATHS
is also expected to be high. This, coupled with large machinery and

fuel weights, greatly restricts its payload.

Before building a SWATHS which can accommodate a rea-

sonable payload, it is necessary to reduce the power requirement by

controlling the hull resistance, and to reduce the structural weight by

controlling the hydrodynamic loading on the hull structure. Since the

hydrodynamic loading depends upon the relative motions between the

hull and the surrounding water, it is essential to control the ship mo-
tions in such a way that the hydrodynamic loading is minimized.

In attempt to solve this problem, an investigation of cata-

maran hydrodynamics was undertaken at the Naval Ship Research and

Development Center. Research efforts in catamaran motions were
made by the Ship Dynamics Division, while parallel efforts in cata-

maran resistance were made by the Ship Powering Division. Since

the development of a successful catamaran design is contingent upon

solving the motion and resistance problems simultaneously, the re-

sults of these efforts were incorporated, and are presented here as

a single contribution.

This paper consists of two essentially independent parts

written by two different authors; the first part by Lee, and the second

part by Pien. In dealing with the motion problem, it was necessary

to carry the theoretical work beyond that of solving the motion pro-

blem of a single hull. Since this additional theoretical work has not

previously been published, it is discussed here in its entirety.
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Several examples of comparisons between the theoretical predictions

and the experimentally obtained motions are given.

In dealing with the resistance problem, it was found that,

by using the concept of an effective hull form, the design problem
of a catamaran and a conventional hull became the same. Hence, no

additional theoretical development was necessary. Because of this,

it was possible to devote this section exclusively to the catamaran
design procedure and design examples.

Based on the motion work, the principal dimensions and

hull coefficients which control ship motions in a given seaway can be

specified. These specifications constitute part of the hull-form design

conditions. Within all the design contraints, an optimum catamaran
hull form based on powering considerations can be developed by fol-

lowing the design procedure. When this is done, a table of hull offsets

is available which can be used to make a final check on ship motions.

Since the hull characteristics required for ship motion considera-

tions may conflict with those required for the optimum power requi-

rement, a compromise between ship motion and ship powering is

necessary. Based on the work given in this paper, a well-balanced
design can be developed.

I - MOTION OF CATAMARAN.

I . 1 - Backg round .

One of the obvious advantages of a catamaran is the large

available deck area. If this large deck area is to be efficiently utili-

zed, it must behave as a stable platform. From a seaworthiness

viewpoint there are some special features associated with twin-hull

configurations.

First, an increase of overall beam results in a decrease
in natural period in roll. A smaller natural period in roll makes
catamarans very jerky ships. Most conventional monohull ships have

a greater natural period in roll than in pitch. In case of catamarans,
the pitch period may be slightly larger than that of monohull ships of

equivalent length and displacement. This fact together with the de-

crease in the roll period for catamarans tends to bring the natural

period for roll and pitch closer to each other. This could cause

simultaneous excitation of large roll and pitch motions, which make
very uncomfortable riding for the crews.

Second, the existence of a cross-deck structure between
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the two hulls above the water can result in slamming of the bottom

of the cross-deck either by a train of sharp-crested waves or by a

large vertical motion of the ship. The slamming of the cross-deck

can cause structural damages due to water impact and the hull vibra-

tion initiated by the impact.

Thus, designing catamaran hull forms which could avoid the

afore- said disadvantages requires different experience and knowledge

of seaworthiness characteristics from what is needed for monohuU
ships.

Motion of a ship is mainly excited_by waves, and unless

ships are deeply submerged, like submarines, the influence of waves

cannot be avoided. Wave influence on the hull could be minimized on

a ship whose main hull is submerged and connected to a deck by a

vertical strut. This is the nnain idea behind the semisubmersible or

low-waterplane-area catannarans as they are referred to in this

paper.

From a motion standpoint, the concept of the small-water-

plane-area-twin-hull-ship (SWATHS) configuration may be traced to

the so-called wave-excitationless forms which are extensively studied

by Motora and Koyama' (1966). This configuration, which has small

waterplane area but carries large volume beneath the waterplane, in-

creases the natural period of heave, since the natural period is pro-

portional to the square root of the ratio of virtual mass to waterplane

area. This fact means that only long waves may excite a large motion.

Moreover, as investigated by Motora and Koyama, depending on the

scantling of the strut width and height and maximum breadth of the

submerged hull, the wave damping^ can be reduced to a small value

in a certain frequency range. Smaller wave damping means a smaller

wave excitation force and moment ; see Newman (1962).

Caution is necessary, however, in reducing the damping

factor of a dynamic system for the purpose of reducing the forcing

function. If we let c be the damping coefficient of a harmonically

excited mass-dash pot-spring system and F the forcing function,

References are listed on page 539.

^ Here the term "wave dannping" means the damping associated

with generation of progressive water waves which carry away ener-

gy supplied by an oscillating body.
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then the motion x of the mass at the natural frequency a;„ can be
expressed by

X
O o) c

n

In the case of ship motion, F corresponds to the wave exciting force
and is proportional to -Wc as shown by Newman (1962). Thus we
have Xq~q -_!_ . This means that a reduction in damping at the natu-
ral frequency could result in a large motion. However, the natural
period may be increased by proper design to such a magnitude that

the corresponding wavelengths raay not be frequently encountered by
ships in the ocean. Furthermore, the concern for an expected high-
peaked resonant motion resulting from a reduction of wave damping of

the system may not be serious because of an augmentation of viscous
damping due to an increased wetted surface on the LWP catamarans.

Although reduction of motions of catamarans may be accom-
plished through SWATHS configurations, such configurations present
formidable structural problems. The decrease in waterplane area re-
duces the restoring buoyancy, and this, in turn, makes the LWP cata-
marans weight sensitive. The limited tolerance for additional weight
requires a narrow margin for safety factors on structural weights.
An additional complication to the structural problem is the lack of

data for wave loading. The wave loading includes the contribution from
impinging waves as well as from motion-generated inertial and hydro-
dynamic forces. To obtain an accurate wave loading the effect of the

wave diffraction by two hulls and of the motion of the body should be
taken into account in the theoretical analysis.

In this work an analytical method has been developed for

predicting characteristics of motion and hydrodynamic loads of cata-
marans, either conventional or SWATHS. The equations of motion for
catamarans are derived in the frequency domain under an assumption
of linear excitation-response relationship. The hydrodynamic coeffi-

cients involved in the equations of motion are determined from strip

theory, assuming slender geometry of each hull of the catamaran.
The effect of forward speed on the hydrodynamic coefficients is treat-
ed as if there were no perturbation on the fluid due to a translation of
the ship.

An apparent underestimation of damping by potential theory
results in an unrealistically large motion amplitude at the resonant
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frequency. Thus, introduction of supplemental damping into the equa-
tion of motion is needed to achieve a reasonable prediction of cata-
maran motions. The supplemental damping is introduced into the

equations of motion in a form linearly proportional to the oscillation

velocity. This damping is found to depend on the ratio of the ship speed
to the celerity of motion-generated waves. This fact implies that the

interaction between the wave systems, created by oscillation and for-
ward speed, is important and should be included in the evaluation of

damping.

Prediction of statistical averages of motion amplitudes for

catamarans in irregular seas is made by using the frequency respon-
se-amplitude operator in conjunction with the Pierson and Moskowitz
(1964) sea spectrunn. The probable frequency of a water contact with

the cross-deck structure is computed for given conditions such as

height of the cross-deck structure from the waterline, significant

wave height, and forward speed. The formula used is based on a

truncated Rayleigh's probability distribution for slamming and is

sinailar to the formula developed by Ochi (1964) for bow slamming
of monohuU ships.

The expressions are developed for various loadings contri-

buted by inertial and hydrodynannic effects, such as bending and
torsion moments and shear forces on both the cross-deck structure

and the supporting strut (shear and bending only).

Presentation of the work on motion of catamarans is given

in the following order. In section 2, the subjects covered are :

formulation of equations of nnotion, derivation of the hydrodynamic
coefficients and derivation of an expression to estimate the number
of slammings of the cross-deck structure per given period in regu-
lar and irregular waves. In Section 3, the derivation of expressions
for various hydrodynamic loads on catamarans is given. In Section

4, a presentation of comparisons of theoretical and experimental
results is made, and concluding remarks are given.

1.2- Motion .

Equations of Motion

The assunnptions or conditions made in this paper for stu-

dying motions of catamarans are as follows. A catamaran which is

made of two symmetrical hulls is cruising with a constant speed,
while it is experiencing an undulatory motion due to sea waves. The
sea waves are assumed to be nnade of a linear sum of unidirectional
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regular waves of different frequencies. The response of a catamaran
to these waves is assumed linear in amplitudes and frequencies. The
amplitudes of the waves and the motions are assumed to be small,

and, consequently, the fluid disturbance generated by the motions of

waves and ship is also assumed small. The depth of the ocean is

assumed infinitely deep and the effects of wind and current on the mo-
tion are not considered.

Within a linear approximation of the motion and with the

conditions prescribed in this work it is convenient to choose Oxyz,
a coordinate system representing the mean position of the catamaran
as the reference frame for which the equations of motion are to be

formulated. When the catamaran has only steady translation, the

Oxz plane coincides with the longitudinal plane of symmetry of the

catamaran, the Oxy plane coincides with the calm water surface, the

Oz axis is directed upward, the Ox axis is directed toward the bow,
and the Oy axis is directed toward the port side. Since the wave
excitation is assumed to be of harmonic nature in time, the equations

can be formulated in a frequency domain.

With the conditions stated in the foregoing paragraph, the

linearly coupled motion of a catamaran in six degrees of freedom
can be written with the motion-generated displacements from the

mean position denoted by ^- ; where the values of i represent 1 for

surge, "2 for sway, 3 for heave, 4 for roll, 5 for pitch, and 6 for

yaw, as

6

k t^ {(^ik^^k )^"k^^iic^k^Sic^ic = T^^"''^ (1)

for 1=1.2. . . . , 6. The equation shown above is a degenerate case of

the equations of motion of floating bodies in waves, formulated in the
time domain which has the form of integro -differential equations as
shown by Cummins (1962) and Ogilvie (1964). In Equation (l) M^j^. is

the mass or moment of inertia of the catamaran, K-^ , the added iner-
tia, B^j^ , the damping, C^j^ , the restoring constants, F^'®^, the wave
excitation in the form of complex amplitude, and j is the imaginary
unit associated only with a harmonic -time function.

The expression "added mass (or inertia)" which will be
frequently referred to in this paper is used for mathematical conve-
nience. Thus, it does not have the same meaning as the classical
added mass which is an intrinsic property of the geometry of the body
only and is independent of motion, frequency, and forward speed. The
nnathematical relation between the added mass of the classical defini-
tion given in Lamb's Hydrodynamics and the one referred to in this

469



P^en and Lee

paper is derived in, e.g., Wehausen (197 1 , pp. 243-245). To be
compatible with the complex expression on the right side of Equation
(1), the motion displacements ^,^are assumed to be complex functions
in the form of

where Rej means that the real part of a complex function in terms
of the imaginary unit of j should be taken, and ^ and ^ are
real functions.

Each hull of the catamaran is assumed to be slender so that

the change of the surface norm^al in the length direction is small
compared to the change in the transverse directions. This slender-
ness assumption together with the synametry of the two hulls lead to

decoupling motions into three independent groups of motion : (l) sur-
ge, (2) heave and pitch, and (3) sway, roll and yaw. In this work the

surge motion will not be considered. The explicit forms of the remai-
ning two groups of motion are given as follows. Heave and pitch

equations :

'^ ' \i> '«> h, «V <53 «3M5 V ^5 h' S5 « 5= ^f -''"'
<^)

(\ + A^5) «V ^5 V SsV ^3 «3 ' «53 ^3 ^ S3 «3 = ^5^'
'''"'

(4)

Sway, roll, and yaw equations :

(^ + ^22) '^> ^22 ^2-^ (^24 -^V ^> ^24 ^4+^6^6+^23^6 =

F^(^^-J'"^
(5)

(I4 + ^44^ '^^ + ^44 ^*4+ C^4 ^4 + (^42 " ^z^) ^*+ B^^ k^

+ A,g?, +B,g^; ^F^^^e-J'^^ (6)

^^6 "" ^66^ ^6+ ^66 ^6 + ^62 ^*2+ ^52 ^2 + H^'h + ^54 k^ =

^(e) - j o) t
, ,

Fc e (7)

470



Motion and Resistance of a Low-Waterplane Catamaran

In the previously given equations, M is the mass of the catannaran;

I, 'Is ^^^ I5 ^^^ mass monnents of inertia about the Ox, Oy

and Oz axes, respectively; z„ is the z coordinate of the center

of mass; and the restoring constants C33 , 03^ , C^^ , Cc,3 and C44

are given by

C33 '- '^K

C35 = C53 = - PgM
AV

C__ - M (GM)
55 g^ 'e

C44 = pg^/- (GM)^

Here A is the waterplane area at the mean position of the catama-
ran, M the area moment of the waterplane about the Oy axis,

(GM)g and (GM)^ the restoring moment arm in pitch and roll respec-

tively.

The major task in solving the equations of motion shown
previously lies in determining the hydrodynamic coefficients, Aj,^

Bji^ and F|*^' ; i, k = 2, 3, . . . , 6. They are functions of hull

geometry, wave frequency, and forward speed. The method of deter-
mining these coefficients is described in Appendix A, and the results

are presented in Table 1. The lowercase letters aj,^ and bj|^ shown
in Table 1 are sectional added mass and damping, and U is the for-

ward velocity. These are obtained by solving two-dimensional boun-
dary-value problems for velocity potentials representing the fluid

motion generated by an oscillation of infinitely long twin cylinders.

The cylinders are semisubmerged horizontally, have a certain sepa-
ration distance between, and are rigidly connected together from
above. The twin cylinders have a uniform cross section which is

identical to the cross section at any given location along the length
of the catamaran.

The method of distribution of pulsating sources along the

sumberged contours of the cylinders is employed in solving the velo-
city potential; see Lee, Jones, and Bedel (1971). The method used is

similar to the one developed by Frank (1967) for single cylinders.
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Table 1 - Strip approximation of hydrodynamic coefficients

^2
^22= / ^22

("^^"
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Since

^W = ^=J [^o
="'"']

= Re

as defined in Equation (2), we have

, [(^.c^^^s)^-^"']

- j w t

f ? V - i o) t
^k = - w'^f e -•

ko

in which we have dropped Re ; for the sake of brevity; however, it

will be understood in the sequal that the real part is meant whenever
a term is involved with e'"^^^ . Substitution of the foregoing results

into Equations (3) through (7) yields two sets of complex algebraic

equations of the form

*i ''i
- «i

^''Z = ^2

(8)

where

«i
=

'30

•50

F
(e)

3

F
(e)

^5

\-
^ 33^ 33 '' 33

2
a; A 53+ ^3 -J"^3

^2
=

^2-

'20

'40

'60_

-(e)"

2
- (e)

4
-(e)

2
OJ A + C - 1 t*' B

35 35 ^ 35

^5 55^ 55
j w B

55

and
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_co^ (m+ A )_jajB22 -OJ^Ca -MzAj coB, _u; A^g-jwB^g

_u;2(a^_M,^)_j^B^2 -'^fU + %0-^^4^-'J'^^44 -'"^'^46 -J'^^AG

_w Ag2-jo;Bg2 -w Ag^ -jwB
64 '66

After an inversion of the matrix in Equation (8), we can

obtain the absolute motion amplitudes by

^l=- ko

k = 2, 3, . . . , 6

= {( «./- ( Kf }
(9)

and the phase angles with respect to the wave motion at the origin

by

a = tan
k

-1

{
" ^ks / ^kcl

(10)

k = 2, 3, .... 6

Once the motion amplitudes ^i are obtained as previously

described as a function of wave frequency, we can obtain various

statistical averages of the displacement and velocity of the ship, usinj

the method introduced by St. Denis and Pierson (1953). We can show

that the statistical averages of the short-term response of ships to

sea waves can be given by

( £° ) = C \
k Stat ave

{ k°) = c \/e^
^ ^k Stat ave ^

k = 2, 3, , 6

where
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1. 253 for mean average

C =
I Z. for one-third highest average

2. 546 for one-tenth highest average

r o ^ 2
/(^^('*'o)/A('^o)) S(a; ) dojQ = Variance of motion (11)

r^ o 2
E = I ( o,^ ^

° / A) S (oJo ) d^Q = Variance of velocity (12)

•'o

where A is the wave amplitude and S (coq ) is the sea-energy spec-

trum. The sea-energy spectrum in this work is that introduced by

Pierson and Moskowitz (1964), which is given by

C -C/c.^

where w^ is the wave frequency and C. and C_ are constants

which are given by

2 2
C = 0. 0081 g and C^ = 33. 56 /(significant wave height in feet)

The dimension of S ( Wq ) is [ L T ] , and the scaling unit is

governed by that used for the gravitational acceleration g.

Absolute and Relative Vertical Motion-

One of the important aspects to be examined in catamaran

motion is the chance of slamming the bottom of the cross -deck struc-

ture. To avoid slamming, it might be desirable to raise the cross-

deck structure as high as possible. However, for various reasons

such as roll instability, wind resistance, structural problems, and

problems caused by a high freeboard, e, g, , recovery operations of

divers or objects from the sea, a high cross-deck may be undesira-

ble. Hence, the first criterion in determining the height of the cross-

deck should be the acceptable minimum deck height from a slamming
standpoint.

To find out the chance of slamming, we first have to know
the magnitude of the relative vertical displacement and velocity of

the ship with respect to the wave surface. Specifically, we would

like to know the vertical amplitude and phase of the forward portion

of the cross-deck structure with respect to the motion of the free
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surface beneath it. The relative velocity will also be needed to deter-

mine the threshold velocity for slamming.

Let us consider a situation in which a ship is perfectly con-

touring with the wave so that no chance of slamming may occur.

When it comes to the working efficiency of the ship crew, contouring

performance of the catamaran may not necessarily be the favorable

condition because frequent oscillation of a ship can be quite a deter-

rent to easy movement. In this respect, we would like to reduce the

absolute vertical motion with respect to the calm water level. Thus,

a study on both absolute and relative vertical motions along the length

of catamarans is important.

Ajnong various sea conditions that most unfavorable one to

a ship would be a periodic swelled sea, having an encountering pe-

riod lying in the resonance band of the ship. Although sinusoidal wa-
ves may not correctly represent the swell condition, an application

of sinusoidal waves for a qualitative study of slannnning characteris-

tics of a catamaran cross-deck will be made; then the study will be

extended to irregular sea conditions.

The absolute vertical displacement of a station at x is

obtained by

«3^' = «30 — «50 C^'

where ^q and ^ cq are the complex motion amplitudes of heave
and pitch, respectively, and the pitch angle is positive when the bow
is down. The relative vertical displacement of the same station with

respect to the incoming wave surface is given by

;r) _ ^
(A)

30 30 i wO
^^^^ .^}y _ ^_ (15)

where the free- surface elevation f „ is given by

•^ Deformation of the free surface is caused not only by the incoming
waves but also by the ship-generated waves. An evaluation of local

free -surface disturbance due to an oscillating ship with a forward
speed is an extremely difficult task to achieve. The difficulty is more
so for the region between the two hulls of a catamaran. Thus, the

present analysis should be regarded as a gross estimate.
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r wO
= A e

j K (x cos (3 - y sin /3 )

where A is the wave amplitude, |3 is the wave heading angle with
respect to the positive x-axis, and K = ^q/^ is the wave number.
If we choose the midspan of the cross structure to be the location of

our interest, then

wO
= A e

i K X cos /3
'' o

^

Amplitudes of vertical displacement are obtained by taking
^ (A)

the absolute values of k^^ and ^
(Rf

e. ,U
(A) :(R)

If we30' -- '1-30
1

^^^1^30
denote the height of the bottom of the cross structure from the calm
water level at x by Cq , then we know that whenj^'

.^
> Cq , a

water contact on the bottom of the cross structure can be made. The
water contact establishes only the necessary condition for slamming.
The sufficient condition is the magnitude of the relative velocity between
the structure and the free surface "period". The criterion of the rela-

tive velocity for which the phenomenon of slamming is realized is

often called "threshold velocity", denoted by W*; see Ochi (1964). The
threshold velocity is a function of geometry of the ship, and no ana-
lytical means seems to exist except some empirical values for cer-
tain types of monohuUs.

The vertical velocity of the cross structure at x can be
obtained by multiplying the vertical displacement by ( -j u) ). Thus,
absolute and relative vertical velocities are. given, respectively, by

W (A)

30
-

j a; ^ (A)
^

30
(16)

W (R)

30 -' 30
(17)

Hence, if the following two conditions

(R)

30

and

> c (18)

W (R)

30
w- (19)
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are met, we may anticipate slamming of the cross -deck structure.

Extension of such an anlysis to irregular seas for monohuUs
was made by Ochi (1964). If we let

/C30

(l^i^^l /A )^ S(a,J da,o (20)
d / M 30

I

' ' ' o'
o

and

/

oo

(R)_ // L (R) 2

V / ^''^ U30 /A ) S{c.o ) dcoo
, (21)

we can show that the numbers of probable water contact and slamnning

of the bottom of the cross structure during n hours are obtained by

1800 n V
e'^'
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a. Shear Forces

LONGITUDINAL BENDING HORIZONTAL BENDING

TRANSVERSE BENDING

b. Bending Moments

c. Torsion Moments

Figure 1 Description of types of loading
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-j-(s) = - "'m ( =)(?,„ -s t) (26:

R, =

I.
R, = - -'g / b(s) ( { jg - s {jgJds (27)

where m (s) is the sectional mass; z (s) is the vertical coordinate

of the sectional mass center; b (s) is the sectional beam at x = s;

- n^ is the x coordinate of the aft perpendicular of the ship; and

c (s) implies a contour integral in the counterlockwise direction

over the immersed portion of the section. The hydrodynamic pres-

sure p is obtained fronn the Bernoulli equation by
6

p = P(j„ ,v^)(>^^.^^. £«^^ <t)^ )

where (\)j is the velocity potential for the incoming waves; (J) q .

for the diffracted waves; and (\)
^^ , for the motion-generated distur-

bance in the fluid; see Appendix A fo"r a more detailed explanation

for these potentials. Employing procedures similar to those used
in deriving Equations (7Z) and (7 3) in Appendix A, we can show that

/ ds / pn df = P / ds / (ju,o n. + (t). ^) 6 df

- ^ fcl), 0, di - pH^^ ids (28)

for i = 2, 3

where Qj^ , for instance, means -^ and the last term corresponds
to the last term of Equation (68) .

If we let

r f

1 r«:

Pi ds / 4), d). df=co A., (x)+iaj B, (x) (29)
K in ik ik

'C(S)

for i = 2, 3, and substitute this expression into Equation (28), we get
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/ ds / p n d'f= P / ds / (j oj n. + (j). ^) 4). d£/M •' C(S)

0. * d^ + E ( CO
^ A.^ (x) + jco B., (x))

1 ^In 1^2 ik ' •* ik ^ "

where ajj^ (x) and bj|^ (x) are the sectional added nnass and dam-
ping of the cross section at x. The expressions of Aj. (x) and
Bj^ (x) in ternns of sectional added inertia and damping are almost
identical to those for Ajj^ and Bj,^ shown in Table 1, except
that the integrals in the table should be replaced by f_o^ , and Aj.

and Bj. should be replaced by A., (x) and B.. (x) . For instan-
IK IK IK

ce,

^35 W = -/_^ -33(s)d= -^B^3(x)

where

r^n*"* =
„ S,(=)ds

Returning to Equation (24), we can now write

V^(x)= -"'/ m(.)( i^^, =f60-^( = ) «40>*^ =

J-i

-J dsf (j.„n2 + <t>2 ^)*i di

•^-^1
•'c(s)

c(x)

- (
-'^24^") ^ J ^ ^24^"^ ^^ 20 -

^
'^'^26^"^ ^ J " ^26^"^^^60

6

' uE^o(J"-2kW - ^2kW) '5"

in which
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a,3 (x) - a^3 (x) = ^^^ (x) - b^^ (x) =

^26 ^^^ = ^ ^22^") ^26 (''^ = " ^2 ^"^

V3(x)= - CO
2/ m(s) ( ^3Q - s ^ ^q) ds

?1 ^C(5)
" -^ - "" ^ (32)

1^ fcj) (t)
cJ / ^3^In

+ ^^—^ I (P.CP. d-C - ( co^A^^Cx) + j a; B ^^{k)) ^
^^

C(S)

( <^^A3^(x) + jcoB^^Cx)) ^30 + U j (jca^^ix)- b33(x))e3Q

A ' '€:
+ (j-a33(x) -b35(x))^^ / + ^g//(^)( ^0- ^^50^^^

in w^hich

a33 (x) - - X a33 (x) b3^ (x) = - x b^3 (x)

The horizontal bending nnoment M2 and the longitudinal

bending nnoment M^ can be obtained by

^2 ^""^ ^ I ^2 ^^^ ^^ ^^^'

M3 (x) = / V3 (s) ds (34)

The previously described loadings ^2 , V^ , M2 and M^
are obtained in exactly the same way as for monohuU ships. However,

to obtain the renaaining loadings, the loadings on each hull should be

separately studied. We would like to obtain the shear forces and

bending moment at the various locations over a transverse cross

section. The loadings "V^ , V^ and M.^ fall in this category.

Let us con^sider the right half of a cross section, located x

from the origin. The structural members of this section will be divi-

ded into three parts : the cross-deck, the strut, and the main hull _
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which will be denoted by A, B and C respectively, as shown in

figure 2. First we will consider V^ , V^ and M^ at the left edge
of the member A, which is the longitudinal centerline section of the

catamaran.

Figure 2 - A simplified cross section for

loading analysis

The expressions for these loadings can be given in the form
of

i+2
(0) = f

:

for i = 2, 3.

M^ (0) = M

ip n. d

yn3 + (h^

- r:

- z)

^A
dl

(35)

(36)

Here f[ are the inertial forces contributed by the mass of one-half
of the cross section, Cr nneans the line integral in counterclock-
wise direction along the immersed contour of the right half of the
cross section at its mean position, the subscripted R's are the
restoring forces and moment, Mj is the mass inertial moment,
and h„ is as shown iri figure 2. We can show thatis as shown iri figure 2

i-'z-
2 ,

20
+ x ^

60 40
(37)
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^^ m^ { ^ .n - ^ ^cn + y' ^.n) (^S)

2
M' = - CO m'

1
'•{ ^'^0 -^^'-V ^20}

- o'^ [ I^ + m-
I

(z- - hj^ + (y)^}] (39)

where m' is the mass of the half section, I'y is the mass moment
of inertia of roll about the center of nmass of the half cross section,

and (y' , z' ) is the coordinate of the mass center of the half section.

The restoring forces and moment are given by

R; = -2p gab( Ijg-x «3^)- PgS'^GM' f^g
(4Q)

where b and a are as shown in figure 2, S'^ is one-half of the

immersed total sectional area, and GM' is the transverse metacen-

tric height from the mass center.

R^ = (41)

R' = - 2<.ga( «3g-x {jg + b ? ^g) (42)

The pressure p at any point on the immersed contour of the

right half section is given by

p= p(ja, +U^)((t) +6 + E ^i.>J (43)
^x' ^i ^D ;^2 ^°

Then

/p n. di = i p CO / (b^n. dl + j P a; / (|)^n
o / ^I 1 7 D

+ j^- E, ^ko ^k'i^-*^

(44)

X
for i = 2,3,4, where n2 and n^ are respectively the y and z compo
nents of the unit normal vector on the body surface and n^ = yn-5-zn2.

Note that we can no longer apply Haskind's relation (1957) to

express the diffracted wave force for a half cross section in terms of

(j) T and (Kj^ as shown in Appendix A. This means that we

4 To be strictly true, the application of Haskind's relation in strip

approximation is incorrect. Faltinsen (1971) has shown a three-dimen-
sional diffraction effect.
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have to obtain the solution of (bp, before we can evaluate connplete

hydrodynamic loadings. In Appendix B, the method of solving C|)q

by source distribution similar to that used in solving the motion
potentials ^^ is given. We shall not attennpt to reduce the last inte-

gral of the right side of Equation (44) to added inertias and dampings.
However, attention should be paid to the fact that decoupling between
the motions of the vertical and horizontal planes can no longer be
made in this integral. This is because we are dealing only with one
hull for which there exists asynnmetric pressure distribution even
for a symmetric demihull, due to the blockage effect of the other

hull. Thus, every term of the summation in Equation (44) would sur-
vive.

Applying the foregoing results into Equations (35) and (36),

we obtain the following expressions

V,(0)=- ^2mM?2o + x {^g - z.?^„)

f
(45)

+ P E ^ u. / "^-.A^. di - jp / ( a, 6 + a; 6 ) n H^

•V- Jrk=2

- J p

+ p

'/
(

c^o ^I + ^ ^D^ ""3 ^^

2] ^ ko / ^3n ^k
k=2 i,_

(46)

+ 2pga( ^(^-x ^5^ + b ^^^)

- -'-'{y ^30 -(^-V ^20}

^R <,

^ ^ i ^ ko / %n\ "^

+ 2Pgab(^^Q-x ^50) + Pg S^ GM' ^^Q (47)
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Once the loadings at the centerline section of the cross-deck
member are known, we can find the loadings at any section of the

structural members in the following way.

For - h < z < h
s — —

^'^ «60- '^
o *40

/

+ (« ^J'm-^(n { ^70 + ^ ^An + (^- n ^,A df
60 0}

^E ^ko
kr2

(d) (b^^2y ^k
y=b-a ^2y ^kly-^-t-a

JP /'('- <l)j + a, Cbj^)

) df|

where m^ is the mass of the member A, and rciU, {^ ) is the

mass distribution of the member B. If z > 0, the expression
below the dotted line should be discarded.

M,(z) = M,(0) - o) m' (b + z^ - h + 2h z - 2by - 2zz)11 bo

ds r

(48)

V (0) (h - z) - V_(0) b
^ O D

+ U)

+ ^

m'^{v){h-v )( ^3Q-x ^^^ + y ^

(f - z)

50 40^ ^V

{^20^^ ^60^(^-^ ) ^40} dr

6

k:2 ./ <*4x K
y=\)-a

tX K. \y-\)^.Q

- JP
/ I

o i ^ ly=b-a o I D
| ^^^+0

^ ' (49)

where mj^ (t?
) is the mass distribution of the member A. If z > 0,

the expression below the dotted line should be discarded.

For < y < b + a

V^(y) = ^5(0) ^lin){ I30-X ^^^ + y I40'^'? (50)
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M^(y) = M^(0) - V^ (0) y

m;;(r,)(y- .)( ^^ - x i ^^ ^ n ^ 40^ d, (51)

o

Let us proceed to derive the expressions for the torsion

moments Tp and T-j We assume that the twist center is loca-

ted at the center of mass of the catamaran. The torque T2 and T3

are induced by out-of -phase hydrodynamic moments of yaw and pitch

acting on the two hulls of a catamaran. From the equilibrium law,

each hull should exercise equal naagnitude but opposite torque load

on the cross-deck structure. Thus, we can determine T2 and T^

by considering the yaw and pitch moment contributed by dynamic

effects on one hull.

Utilizing the expressions derived earlier, we can write

T^ =^ I

X f (x) dx - / X dx / p n^ d-e (52)

and

'^3 '-

-Z -^3l-Mx + xdx pn^

50

d^

) dx (53)

where - /t ^ and L are the locations of the aft and fore perpendicu-

lars; fp (x) and f3 (x) are given by Equations (25) and (26), respecti-

vely; Cp is the contour integral of a half cross section; p the

hydrodynamic pressure and the expressions for Jq p njd^/ for

i = 2, 3 are given by Equation (44); and b (x) is the half beam of the

cross section at x.

1.4- Results and Discussion.

Numerical results from the theory developed in the preceed-

ing sections are connpared with available experimental results. The
presentation of the results is made in the following order. The first

part deals with the two-dimensional hydrodynamic coefficients. The
second part deals with the three-dimensional hydrodynamic coeffi-

cients. The third part deals with the heave and pitch motions of three

catamaran models. Two of the models are of conventional-catamaran

configuration and the other one is of a SWATHS configuration. ThedeS'

cription of these three catamarans is given in Table 2 and figure 5
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The strip approximations employed in our analysis of mo-
tions and hydrodynamic loadings are based on a two-dimensional
approximation of the fluid motion at each transverse cross section.

A solution for the velocity potential associated with heaving, swaying,

or rolling twin cylindrical bodies of arbitrary but uniform cross

sectional forms has been developed by the method of source distri-

bution. Lee, Jones, and Bedel (1971) show good agreement between
theoretical and experimental values of heave added mass and damp-
ing of four different types of twin cylinders. Figure 3 connpares

heave added mass and damping in nondimensional forms a.33/[PY)

and b-s-^/fpv-w) where V- is the immersed volume at the mean posi-

tion versus the frequency number —a— for twin rectangular cylinders.

The dotted lines in Figures 3a and b are the theoretical results for

one cylinder only. If the separation distance between the two cylin-

ders is large, one would expect that the added mass and damping coef-

ficients for the twin cylinders approach those for the single cylinder.

Thus the difference between the solid and dotted curves in these two

figures can be regarded as the measure of a hydrodynamic interac-

tion between the two hulls. The added mass reflects the local beha-

vior of the fluid motion near the body, whereas the damping is sensi-

tive only to the farfield behavior of the fluid motion. Here in figures

3a and b we can observe that both local and far-field behavior of

fluid motions generated by a single cylinder is quite different from
the behavior of twin cylinders.

Two types of singular solutions may occur at certain frequen-

cies in the problem of oscillating twin cylinders. One is associated

w^ith a mutual blockage effect between two cylinders, and the other

is associated with the method of singularity distributions; see John

(1950). The former is of both mathematical and physical origin; the

latter is strictly of mathematical origin and applies to both single

and twin cylinders. The former type of singular behavior is shown in

figure 3c at the frequency number of about unity. The experimen-
tal results seem to confirm the singular behavior. The frequencies

at which such singular behavior occurs can be determined by

2

= TTT TT" ^°^ n= \, 2, ... 54)
g (b/a - 1)

where the definition of a and b is as shown in figure 3a.

The second type of singular behavior is shown in figure 3d

by the solid curve. This type of singular behavior results from the

break down of the solution of the Fredholm-type integral equation at
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certain eigen frequencies.

Existence of such singular behavior in the solution of sec-

tional hydrodynamic coefficients can present troubles in applying

strip approximations to three-dimensional hydrodynamic coefficients.

Removal of the second type of singular behavior has been achieved

by imposing a rigid wall condition, i. e. , ({)_ = or a pressure relief

condition, i. e. , (p = 0, on the line z = inside cylinders. A mathe-
nnatical proof of legitimacy for employing this technique will be publi-

shed in the future. Figure 3 d shows heave added mass of a rectan-

gular cylinder obtained with and without the additional interior boun-

dary in the solution of the boundary-value problem.

Removal of the other type of singularity may not be possible

unless a full threee -dimensional solution of the problem is achieved.

However, for catannarans having the inner hull separation distance

on the order of the beam of one hull, the lowest frequency at which
this singularity occur may lie out of the practical range of interest

in ship motions. For example, if we take b/a = 2 , the longest cri-

tical wave length X which can be encountered in head waves can be

obtained by

2

X =
/

(55)
c

g ( 1 + ^1+4U2 ^+2U^)
For a = 15'

, we have

U (knots) X (ft)
c

10 17.8

20 77.2

30 124.

1

Comparison of theoretical results with experimental results

of three-dimensional added mass and damping for NSRDC Model 5061,

the description of which is given in Table 2 and figure 5 > is shown
in figure 4 for Froude numbers F^, = and 0. 253 (10 knots). The
three-dimensional added mass and damping are obtained from the two-
dimensional added mass and damping by the strip approximation as

^ Employment of this technique was first made by Paul Wood of the

University of California at Berkeley,

490



Motion and Resistance of a Low-V/aterplane Catamaran

shown in Table 1. The results in figure 4 are extracted from Jones

(1972) and are nondimensional values defined by

^3 _ ^33

^3=l^ ^3
V77MVe / L

A ^ or A^ B or B
-IT -IT 35 53 35 53A ^ or A^^ = B^^ or B

35 53 _ . 35 53 <M L MVeL

\S _ ^5
^55" _.2 ^55

ML ML \gL

- aF
g

The experimental results are taken at several amplitudes of oscilla-

tion. Agreement between the theoretical and the experimental results

is good for the zero-speed case, whereas some discrepancies can

be observed for the case of Fp = 0. 253.

Comparison of theoretical and experimental values of non-
dimensional heave amplitude ? / A and pitch amplitude ^ X/( 2 ttA)

versus wavelength X/L for the catamarans shown in figure 5 are
presented in figures 6 through 8 . A is the wave amplitude, X is

the wavelength, and L is the ship length. Most of the results shown
in these figures are from Jones (1972).

Unrealistically high- spiked theoretical values of heave and
pitch amplitudes for 30 knots shown in figure 8 imply that damping
values obtained from theory have been underestimated. The deficien-

cy of theory may be traced to several assumptions or approximations
made in the present analysis : the ideal-fluid assumption, the strip

approximation of three-dimensional hydrodynamic coefficients, and
the assumption of neglecting the second-order effect of coupling bet-

ween the steady and oscillatory perturbation potentials. None of these

assumptions can be removed without undergoing major renovations

in the analytical procedures.

Nevertheless, an attempt to introduce supplemental damp-
ing in the equations of motion has been made by using a trial-and-

error approach. The first approach attempted was to express the
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sectional heave -damping force in the form of

F^ = b,, W (t) + c, U W + c^ Iwl W (56)

where W(t) = s^ -x i, , and c. and c_ are constants. An expres-
sion similar to Equation (56) is given in Thwaites (I96O) for a slen-

der body for a moderate angle of incidence in an unbounded fluid. The
second term of the right side of Equation (56) is called viscous lift

and the third term is called cross -flow drag. Fronn the model test

results, it was found that the damping obtained from theory for the

case of zero speed seemed adequate. Thus, addition of the cross-

flow drag which is independent of speed was considered unnecessary.

However, the viscous -lift term, which depends on forward speed,

seemed proper to be retained. Use of the test results for c. , given

in Thwaites (i960, pp. 415-416), and a modification of the sectional

heave damping obtained by adding c^ U to b _ , has not been
successful. From this trial-and-error approach, it was learned that

additional damping seemed to depend on a parameter wU/g. This

parameter is the ratio of ship speed to the celerity of motion-gene-
rated waves. When the ratio is less than one-fourth, there can be

generated a chain of ring waves propagating ahead of the ship; see

Wehausen and Laitone (I96O, p 494). Dependence of the supplemental

damping on this parameter implies that the hitherto neglected inter-

action effect between two wave systems, one produced by oscillation

and the other by translation of ship, is important.

The strip approximation may exaggerate the effect of the

hydrodynamic interaction between the two hulls. When a catamaran
sails with a forward speed so that coU/g> l/4, the motion-generated

waves will be swept back by the forward speed. Especially between

the two hulls, the steady horizontal flow can be accelerated by a chan-

nel effect which leaves less chance for the oscillation-generated

waves by the two hulls to interact in this region. To examine whether

the foregoing postulation is true, the heave damping and heave and

pitch amplitudes of Model 5061 and the demihull of this model are

connpared in figure 9 together with experimental results for twin

hulls. There seems little change in the motion results between the

twin and the demi-hulls except at the resonant wavelengths. At the

shorter wavelengths, the heave damping of the demihull shows a bet-

ter agreement with the experimental values. However, a similar

comparison to that previously described for the heave and pitch

amplitudes of 5266 at 30 knots revealed that the demihull has higher

motion anaplitudes at the resonant wavelengths than the twin hulls do.

This seems to imply that for LWP catamarans, the underestimation
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of damping does not necessarily arise from an over-estimation of the

mutual hydrodynamic interaction effects of the two hulls by the strip

approximation.

The dotted curves in figure 8 are obtained with modified
heave and pitch damping values. These are obtained by modifying the

sectional heave damping by b22*(^) " b^^ (x) + apa^S^CxJ
^^ where

b-^ (x) is the old heave damping at a cross section at x, p is

the density of water, Sn{x) is the sectional area and a =3.0 for

Model 5266. The constant a is a function of ship geometry and is

obtained at present from the comparison of the theoretical and the

experimental results of motion. The hydrodynamic coefficients affect-

ed by this change are B _ , A ^ » A^ , and Bgg (Table l).

A further investigation to remove the discrepancy of the motion pre-
diction at the resonant wavelengths by better techniques seems to be

definitely necessary.

The absolute and relative vertical motions of Model 5266 at

a speed of 30 knots, which are computed with the modified damping,
are shown in figure 10 . If we assume the height of the cross-deck
of Model 5266 from the designed waterline is 30 feet, the water con-

tact could be made when a sinusoidal incoming wave having an ampli-
tude of 27 feet is encountered with an interval period of 18 seconds
as the ship runs at 30 knots. The irregular- sea computation showed
that the chance of water contact of the cross -deck of Model 5266 is

zero to a significant wave height of 20 feet at 30 knots.

The results presented in this section cover only part of the

analysis made in part 1. Numerical results for the sway, roll and
yaw motions and the hydrodynamic loads were not available at the

time of this writing.

1.5- Concluding Remarks on the Prediction of Motion of Catamarans.

1. The strip approximation seems to yield a satisfactory

motion prediction, except at the resonant wavelengths. The short-

coming of the strip approximation is considered to arise from inabi-

lity to account for the correct forward speed effect on the hydrody-
namic coefficients over the range of resonant frequencies. The area
to be improved in the theory seems to be the evaluation of the dam-
ping coefficients. Proper incorporation of the interaction effect bet-

ween the waves generated by the forward speed and the body oscilla-

tion is considered to be the most important factor to be investigated.

2. Although an improvement of the analytical prediction at
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the resonant wavelengths should be made, with proper supplemental
damping the prediction nmethod can be utilized for parannetric study

of catannaran hull geometry with respect to seaworthiness characteris-

tics.

II - HULL FORM RESISTANCE AND DESIGN PROCEDURE.

II . 1 - A General Discussion of Catamaran Hull Resistance.

A SWATHS is a special category of catamarans. First it will

be appropriate to discuss a general catamaran. The resistance pro-
blem for a catamaran hull configuration is far more complex than that

of a monohuU. This complexity arises from two interference effects

between the demihuUs : a surface wave, which is familiar phenome-
non, and the flow curvature, induced by the displacement of each
demihull. This displacement interference exists even in the absence
of a free surface.

The pressure distribution over a single hull towed alone is

different from that when one hull is towed alongside another hull in

that the hydrodynamic property is significantly changed. To predict
the connbined resistance of two ship models towed side -by-side would
be rather difficult, even if Ave knew all the hydrodynannic properties
of each model when towed alone. In the first place, the stagnation

points would be altered, and the flow on both sides of each hull would
no longer be the same. As a result, a crossflow and a side force would
be produced. Such a crossflow would increase eddying, and the side

force would have additional resistance similar to the induced drag of

a lifting body or lifting surface.

For these reasons, the surface wave of each nnodel is also

altered due to the presence of another hull. Indeed, for a catamaran
hull configuration, we are not only confronted with the added comple-
xity in wavemaking resistance and viscous resistance but also with a

new problenn of induced drag. Faced with this situation, it seems very
tempting to obtain a catamaran model series for prediction of resis-

tance. Such a series, however, would be very expensive to acconnplish.
Furthernnore, its usefulness would be very limited because the inter-

ference effect depends not only upon the hull distance but also upon the

hull geometry. The interference effects obtained from a catamaran
model series could not be applied to a catamaran having a hull geonae-
try. that was different from that of the series. A catamaran series

would only be useful if it had good resistance performance and if it

were possible to confine our catamaran hull designs within the series
Then we would be faced with the same problem in designing a catanna-

ran hull forms with good resistance performance. This is the subject
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of this part of the paper.

II . 2 - Design Procedure.

Designing a catamaran hull form with good resistance quali-

ties is a much easier problem than predicting the resistance of a

given hull form. For instance, for the purpose of reducing the resis-

tance, the crossflow around each demihull is eliminated. Hence, in

a design problem, we have to deal only with the hull form without

crossflow, and we need not be concerned with the complications

crossflow would create. Since the basic flow around a demihull is

not straight but is curved due to the presence of another demihull,

the geometry of a demihull cannot have symmetry with respect to

both sides if the crossflow is to be avoided. The amount of aaymme-
try depends upon the geometry of, as well as the distance between,

the demihulls. Since hull geonaetry and hull distance are the objecti-

ves of the design problem for a catamaran hull form, it is very diffi-

cult to solve the problem in one step. To simplify the situation, a

concept of an effective hull form is introduced as follows.

Concept of an Effective Hull Fornn.

We define a monohuU in a straight uniform flow to be an
effective hull for a demihull in a curved flow, if the flow relative to

the hull is the same in both cases. If a demihull were towed alone

and then towed with another demihull, a different effective hull form
would result, even though its physical geometry had been kept the

same. To maintain the same effective hull form, changes must be

introduced to the hull geometry. Whenever the distance between
demihulls is varied, a corresponding variation in hull geometry is

also needed.

Since the geometrical difference between a demihull and its

effective hull can be determined after the effective hull geometry
and the hull distance are given, it is rather logical to divide the de-
sign problem into two steps. In the first step an effective hull form
is developed, and in the second step the geometry of the demihull is

determined.

Designing an Effective Hull Form for the Demihull of a Catamaran.

The viscous drag and the free wave system of a demihull
are considered to be the same as those of its effective hull form.
Hence, the resistance of a catamaran can be optinaized by developing
an optimum effective hull form. Since effective and geometric hull
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forms are the same in a straight uniform flow, the design of an
effective hull form is equivalent to the design of a monohull. There-
fore, the concept of an effective hull form enables us to link together
the design problems of a single hull and a catamaran. This link is

an important step in the future development of catamaran technology.
With this link, it becomes possible to utilize all the knowledge and
information of single hull form design to the design of catamaran
hull forms.

In designing a single hull form, there are two possible
approaches. One is the empirical approach, based on model series
work and successful ships built in the past. The other approach is

theoretical, the essential foundation of which is the wavemaking-
resistance theory. With the first approach, miany good hull forms
have been developed. However, since it is not possible to know what
makes good hull forms, this approach is very difficult when design-
ing unusual hull forms for which there is very little available infor-

mation. On the other hand, due to the oversimplification of a theory,

the second approach cannot always produce satisfactory results.

Perhaps the most rewarding approach would be a combination of the

two and a great deal of intuition. At this point, we shall presume
that a good monohull can be developed one way or another, so we
shall not discuss the design of a single hull form further, except to

make a few remarks pertinent to demihuU design.

The attractive feature of a catamaran hull configuration, as

far as wavemaking resistance is concerned, is the added freedom in

the displacement-volume distribution. In the case of a nnonohull, the

required transverse stability limits the freedom of the displacement-
volume distribution in the vertical direction. The benefit of wave
cancellation can mainly be achieved by the proper longitudinal distri-

bution of the displacement-volume. In the case of a catamaran, the

transverse stability does not depend solely on the waterplane area of

each demihull. Hence, we can have more freedom in distributing the

displacement-volume in the vertical direction. It then becomes pos-
sible to have cancellation between waves produced by displacement
volume at various depths. In the case of a SWATHS , for ins-

tance, it is possible to have wave cancellation between a strut and a

submerged body. Since the distance between two demihulls can be

varied to a certain extent, another freedonn of displacement-volume
distribution is obtained. As a result, a far greater degree of wave
cancellation is possible for a catamaran hull configuration than for

a monohull. In designing an effective hull form for a demihull, the

advantage of greater wave cancellation should be achieved.

496



Motion and Resistance of a Low-Waterp lane Catamaran

If the effective hull form is to be chosen from a group of

existing monohull forms with good resistance qualities, the one with

the lowest resistance value at design condition is not necessarily the

best choice for the effective demihull form. The one with the lowest
resistance at the design speed may not give the best wave cancella-

tion between the two demihulls. The wave cancellation at a given

Froude number and a given hull distance depends upon the free wave
amplitude -spectrum distribution of each demihull. The wavemaking
resistance of a catamaran depends not only upon the level of the free

wave amplitude curve, but also upon the shape of such a curve. Befo-

re the best choice can be made, it is necessary to obtain the ampli-
tude-spectrum curve of each monohull, either experimentally or

theoretically. Experimental methods are available for obtaining

wave "cuts" from which a wave amplitude -spectrum curve can be

deduced. By using the Douglas program and the existing wavemaking
resistance theory, the wave amplitude -spectrum curve of a monohull
can also be computed. If the possibility of obtaining the wave ampli-
tude-spectrum curve does not exist, hull forms with pronounced
hollows and humps in their C^ curves should be avoided, even
though the C^ values at the design speed are relatively low.

If a theoretical approach is used in designing an effective

hull form, two singularity distributions, one for each demihull, are
placed the desired distance apart. On the basis of linearized wave-
making resistance theory, the surface wave of a catamaran is a li-

near superposition of the waves produced by the demihulls. Within
the constraints of design conditions, the optimum singularity distri-

bution is obtained by minimizing the wavemaking resistance of a

catamaran. The final design, of course, has to be chosen on the

basis of total resistance rather than on the basis of wavemaking
resistance alone. By tracing a number of streamlines generated by
one of the singularity distributions in a uniform flow, the hull geome-
try of an effective hull is obtained.

Based on theoretical insight and whatever practical informa-
tion is available, we assume that the design of an effective hull for a

demihull can be carried out successfully. Our remaining task is to

find a way of obtaining the geometry of a demihull from the geometry
of its effective hull form. This will be discussed in the next section.

Developing the Geometry of a Demihull from its Effective Hull Form.

Before discussing the procedure for obtaining the geometry
of a demihull from the geometry of its effective hull form, let us first

consider a two-dimensional, thin, syminetrical section. In a straight
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uniform flow, there is no circulation on this symmetrical section.

However, if we place this section in a curved flow, we have to curve
the section in such a way that its original plane of symmetry coinci-

des with the flow in order to maintain the stagnation points and thus

avoid the creation of circulation on this section. Similarly, we have
to modify the single-hull geonnetry in the presence of another demi-
hull so that there is no shift in the stagnation points. In this case,

however the beam of each demihull is relatively large in comparison
with the distance between the demihulls. The flow curvatures on two
sides of a demihull are quite different, and the usual practice of ad-
ding thickness distribution to a mean cambered surface may not al-

ways be applied here. Instead, we have chosen the following proce-
dure.

The Douglas program, used to compute the source distribu-

tion, has been extended to trace offbody streamlines. Our objective

is to obtain the distortion in the effective hull form placed at the

location of one demihull in the presence of another for the purpose
of obtaining its final geometry. We shall measure the distortion of the

effective hull form due to the flow curvature with respect to the mid-
ship section. In other words, the midship section of the demihull is

identical to that of its effective hull form. Let us consider an after-

body plan of the effective hull form placed at the midship section. If

a number of points along a given station of this body plan are chosen
as starting points of streamline tracing, all streamlines are parallel

in a uniform flow in the absence of the other dennihull, and the sta-

tion section defined by these points will not be distorted. Due to the

presence of the other demihull, however, the streamlines so traced

will no longer be parallel but will be distorted according to the flow

curvatures due to the other demihull. The points obtained by inter-

secting these distorbed streamlines by a cross plane at the corres-
ponding longitudinal location will then define the required hull cross

section of the demihull. In this manner the afterbody of the demihull

is obtained. Similarly, by placing a forebody plan at the midship
section and by reversing the direction of the uniform flow at infinity,

we can obtain the forebody of the demihull.

A computing progrann has been developed, using the exis-

ting Douglas program as a starting point for connputing the body plan

of a demihull. Using the offsets of the effective hull form as input

data, the required offset table of the demihull is generated by this

conaputing program. By using this computer program, an existing

single hull can easily be converted into a demihull of a catamaran
without changing its hydrodynamic properties.
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II. 3. - Design Examples - SWATHS.

Remarks Pertinent to SWATHS Hull Form Design.

The design procedure previously described can easily be

followed in designing a SWATHS . In this case, a theoretical approach
is necessary since there is very little information available. Due to

the relatively sinnple geometry of a demihuU, its singularity repre-
sentation can be much simpler in comparison with that of a usual mo-
nohull. A thin wall -sided strut can be approximately represented by
a surface singularity distribution on a vertical plane with density vary-
ing longitudinally but not vertically. The depth of such a distribution

is the same as the strut draft. In addition, vertical line source and
line doublet can be included to represent a strut bulb. A submerged
hull is represented by a line-source distribution which generates a

body of revolution in an infinite fluid with uniform flow. If the main
body is not exactly a body of revolution, it is approximated by a line-

source distribution which would generate a body of revolution having

the same sectional area curve as the main hull.

For a surface and a line singularity distribution on a com-
mon vertical plane, the body generated in a uniform flow with a free

surface would be symmetrical with respect to the vertical plane.

The strut horizontal section would vary with depth, and the submer-
ged main hull would sag in the middle. To retain the wall sidedness

of the strut and to prevent the main hull from sagging, an additional

singularity distribution is necessary. Since the main objective of a

theoretical analysis is developing a hull form with good resistance

performance rather than achieving an accurate resistance prediction,

such an additional singularity has been ignored. In other words, each
demihull is represented by a surface singularity distribution on a

central plane and a longitudinal line-source distribution.

First Design Example - A 100, 000-Ton, 30-Knot, SWATHS
Model 5266.

Singularity Distributions and the Theoretical Wavemaking
Resitance. Within the limits of constraints imposed on the hull geo-
metry, an optimum singularity distribution of an effective hull form
for both demihuUs was determined. These constraints were specified

based on functional requirements on ship displacement and space as

well as ship nnotion. The optimization was done on the wavemaking
resistance first, and then the total resistance was computed. Within
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the design constraints, hull parameters which influenced the wetted

surface most were varied.' The optimization of wavemaking resistance

and the conputation of total resistance were repeated. After a few

such repetitions, a final singularity distribution was chosen.

The theoretical analysis was performed with the aid of an

existing wavemaking reistance computer program. Since the sub-

merged main-hull length was different from the strut length, some
difficulty was encountered in using this program. For this reason,

discrete source points, rather than a continuous line source, were
used for a main hull. The final singularity distribution of this design

is given as follows.

Submerged main body:
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of each demihull was obtained in two steps. In the first step, an effec-

tive hull form was derived from its singularity distribution bv the

method of double -model or zero-Froude-number technique. Further
simplification wasintroduced here by obtaining strut and main-hull

geometries separately. A load waterline for the strut was connputed

from the strut singularities alone, and all the other waterlines were
the same as the load waterline. The main-hull geometry was obtai-

ned by tracing a streamline generated by the line source points in an

infinite mediunn. Then the strut and main-hull were joined together

with the proper fillet. In the second step, the dennihull geometry was
computed from its effective hull form, and the singularity distribu-

tion of the other demihull properly located. Due to the small width

of the strut as compared with the flow curvature induced by the other

demihull, the load waterplane was cambered by computing the dis-

tortion of its centerline. To maintain the wall sidedness of the strut,

this camberline was used at all the depths. Furthermore, it was also

used to camber the submerged main-hull.

For the purpose of internal functional arrangennent and twin-

screw propulsion arrangement, the main-hull cross sections were
changed gradually from circular to elliptical sections, and a beaver-

tail was formed at the stern. To increase propeller submergence,
the tail end was slightly bent downward. Figure 12 shows the lines

of this model, and figure 13 gives the hull characteristics.

A l6-ft model was built and tested for resistance and powe-
ring. The Cp values were also plotted in figure 11 for compari-
son.

Second Design Example - Model 5276.

Singularity Distributions and Theoretical Wavemaking
Resitance. This design represents a 4000-ton, 30-knot ship. The
singularity distribution for each main-hull was chosen to be the same
as that of Model 5266, However, the main-hull geometry was kept

as a body of revolution. The operating Froude number was much
higher than that of Model 5266. Struts were redesigned to give better

performance at operating condition.

At low Froude number, it is possible to achieve great

beneficial wave interference between struts and main-hulls. The
theoretical wavemaking resistance of a SWATHS way have lower

wavemaking resistance with than without struts, despite the added

strut-displacement volumes, as for Model 5266. At high Froude

number beyond the last hump, it is difficult to achieve such great
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beneficial wave interference between struts and main-hulls. After
a number of computations, the following singularity distributions

for each demihull strut were chosen :

Forebody

Surface Source

2 3 4 5
m(x) = 9.4498X - 69. 5632x +189.4110x -213.4796x + 83. 5701x

Surface Doublet

3 4
D(x) = 1. 1375 (x -.4) - 1. 1375 (x - .4)

with . 4 < X < 1

The doublet was in the x-direction. Singularity distributions

for the afterbody were such that a symmetrical strut was obtained.

The depth of these distributions was 0. 118.

Model Experimental Results. The offsets of the effective

hull form were obtained in the same manner as in the case of Model
5266. In this case, it was decided to keep the deinihull geometry the

same as that of its effective hull geometry for two purposes : first,

to be able to test a demihull alone without the complications of cam-
ber, and, second, to have a gross assessment as to the penalty of

having no camber. By comparing the theoretical and experimental
resistance results of a catamaran and a demihull, it might be possible

to estimate the added resistance due to displacement interference

effects. Figure 14 shows the lines of this model, and figure 15

gives the hull charactereistics of this design.

Comparison Between Theoretical Wavemaking Resistance
Coefficient C^^ and Experimental Residual Resistance Cp . The
theoretical predictions and experimental results are given in figure

16 , The Cp curves are much higher than expected both for a

catamaran configuration and a single hull. In view of the good agree-
ment between C^ and Cp curves for Model 5266, the cause of

the disagreement for this model is not clear. In view of this, addi-
tional tests with modified struts were carried out.

Additional Results from One Demihull Tested Alone. It was
speculated that the blunt strut endings followed by rapid curvature
changes might have caused flow separation. If separation did occur,
the testing model would have been modified and would not have been
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the same as built. With this in mind, struts were modified to remo-
ve the cause of flow separation. This was done simply by cutting off

the blunt endings in order to save time and effort in the shop. The
corresponding source distribution was as follows :

m(x) = 3.4533x^ - 54. 2007x^ + 287. 262x^ - 702. 9402x^

L n 8 Q
+ 1106. 1540x +1642.7120X -1586.4090x + 477. 3101x

for forebody.

The afterbody singularity distribution was such that a sym-
metrical strut was obtained. Figure 17 gives the waterplane of the

modified strut. The modified demihull was tested alone in the capti-

ve condition, i.e., restricted from heaving and pitching. Figure 18

shows the comparison between C^ and C^ curves and, again,

the agreement is quite good.

The strut was further naodified to regain the waterplane
area lost in the first modification. Figure 19 shows the strut water-
plane after the second modification. The corresponding source dis-

tribution is given as follows :

m(x) = 22. 8204x^ - 447. 7026x'^ + 3276. 9175x^ - 1 1883. 5996x

+ 23318. SlOOx'' - 23199. 7132x^ + 5282. 0771x'^

+ 11396. 83 66x - 10699. 508 Ix ^ + 2933.42 72x

for forebody.

The strut was again kept symmetrical with respect to the

middle length. Figure 20 shows the comparison between Cy,, and
Cp . The agreement is also good.

At the present time, a SWATHS with proper camber is under
construction. The strut with the second modification. Model 5276-E,
is used for the catamaran configuration. At a later date, another
demihull without camber will be built and tested in a catamaran con-
figuration in combination with Model 5276-E. After these additional

experimental results are obtained, the influence of camber on resis-
tance can be assessed.

Figure 21 gives the resistance comparison between two
single hulls. Model 5276-C and Model 5276-E, at a 32-ft draft. To
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assess the contribution of the main hull to the total wavemaking re-

sistance of a catamaran, the C^ curve of a single main hull without

a strut was also computed and is plotted in Figure 21. This curve
was computed on the assumption that the main hull alone had the same
displacement volume as Model 527 6-E. In other words, the dianneter

was increased but its centerline depth was not changed. To facilitate

a direct comparison of wavemaking resistance, this C^ curve was
computed by using the wetted surface of Model 527 6-E rather than

that of the main hull form. This C^ curve gives the limit as the size

of a strut is reduced to zero while the total displacement volume is

kept constant. Figure 22 gives the same information at a 28 -ft draft.

It is important to note that, at high Froude number, the

wavemaking resistance of a submerged main hull cannot be ignored.

The wavemaking resistance of a SWATHS can be greatly reduced by
diminishing the strut size while the total displacement volixme is kept

the same.

II. 4. - Concluding Remarks about the Catamaran Hull Form Design
Procedure.

Based on the concept of an effective hull form, the problem
of designing a catamaran essentially becomes the same as that of

designing a conventional single hull. The direct link between these
two design problems is a computer program developed to obtain off-

sets of a demihull form offsets of its effective hull at a specified hull

distance. By using this computer program, a pair of monohuUs can
be converted into a pair of demihulls of a catamaran without altering

the original hydrodynamic properties.

In general, the SWATHS is a special case of catamaran
configuration. Due to the simplicity of its hull geometry, designing a

SWATHS theoretically is much simpler than designing a conventional
catamaran. Two design exannples for SWATHS were given. Except
in the case of a strut with blunt endings and quick curvature reversals,
comparisons of theoretical C^ curves with experimental Cj. curves
showed good agreement.

How low the resistance level of a catamaran hull form can
be designed depends both upon our ability to design a conventional
single hull and on the design constraints inaposed. To enhance the

good resistance performance of a catamaran, restrictions imposed
on the hull geometry should be kept to a minimum. For developing a

specific type of catamaran, the major effort should be directed toward
developing an effective hull form first, rather than toward developing
a catamaran hull form directly. In so doing, not only would the expense

505



Pien and Lee

be reduced, but the information so obtained would also be more basic
and useful.

Ill - CONCLUSION

The selection of catamaran hull forms which possess good
hydrodynamic characteristics should be the result of the best compro
mise among motion, powering, and sea -load considerations.

In the first part of this work, analytical methods of predict-

ing motion and sea -loads of catamarans are presented. In the second
part, a hull form design procedure which provides a set of ship lines

with good resistance characteristics is presented.

It is anticipated that the utilization of the methods described
in this work will contribute a useful, basic input in the preliminary
design of a SWATHS.
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TABLE 2 - Particular Dimensions

NSRDC Model Number
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Figure 7 Heave and pitch motions of Model 506
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Figure 8 Heave and pitch motions of Model 5266
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Model 5061
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APPENDAGES: None

Length (LOA) FT

Length (LBP) FT

Beam (B ) FT

Draft (H) FT

Displ.ln Tons

Wetted Surf.Sq Ft

Design V in Kts

DIMENSIONS*
SHIP

850

LOA COEFFICIENTS*

LCB

LCF,

LOA

LOA

70

38

39790S.W

117097

30

Aft of F

Aft of F

V //l

®
EFF

MODEL

17.0

l.A

0.76

0.310F.W.

46.84

4.24

End

End

1.046

= 0.872

PF

^PA

PE

^PR

"PV

^PVA

PVF

0.616

0.776

0.794

0.846

0.80

0.75

0.80

0.75

0.73

0.68

0.78

S.F

S^A
L^/L

Lp/L

L^/L

L/B.

^IX

0.82

0.88

0.50

0.0

0.50

12.14

1.84

A /(OIL) 64.79

S//~AL 20.13

0.491

0.517

A - 50.0

(g) = 2.995

LINES: NSRDC Shop Plans, Model 5266

*NOTE: The coefficients and dimensions presented above are for that portion
of a single hull that. is below the 38 ft waterline. This draft corresponds
to the total height (minor axis) of the largest elliptical body section. The
total full-scale displacement, wetted surface, and draft, for a single hull,
are 50,500 tons S.W., 164,780 sq ft, and 69.5 ft, respectively . That portion
of the full-scale hull above the 38 ft waterline (strut) has a waterline
length (LWL) of 757.5 ft, a beam (B ) of 30.4 ft, and a waterplane coefficient
(Cy) of 0.515.

^

1.0

.4

STATIONS

Figure 13 Ship and raodel data for a LWP catamaran
represented by Model 5266
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APPENDIX A - DETERMINATION OF HYDRODYNAMIC COEFFI-
CIENTS.

If we assume that the fluid surrounding a catamaran has

irrotational motion, we can introduce a velocity potential (J (x, y, z, t)

in the fluid region. The velocity potential should satisfy, in addition

to the Laplace equation, the following boundary conditions

(-^- U^)^ (^ (x, y, z. t) + g ^^ = on z = (57)

where g is the gravitational acceleration,

V$ . n = V on S (58)
^ — no

where n is the unit normal vector on the body surface pointing into

the body, Y„ is the normal component of the velocity of the body
surface, and Sq is the mean position of the body,

$ (x, y, - <?o
, t) = (59)

z

2 2 ^
and a physically appropriate far-field condition for (x + y )2

—

-o^

to make the problem well posed.

Assuming the flow disturbance to be a small perturbation
from uniform flow, we can express $ in the form

$ = - Ux + (j) (x, y, z) + (x, y, z) e
"' '^

^
(60)

where U is the forward velocity of the ship; <|)^ is the steady
potential, representing the wavemaking disturbance due to the for-

ward velocity; and (|)q "^^^oc "^
J ^os ^^ ^^® potential associated

with the oscillatory fluid disturbance. We can further divide ^>

^

into three distinct origins of the oscillatory fluid disturbance as

<t>„ =
*i +

4>o
+ <f>^ (61)

The incoming wave potential, $ is given by

A. Aa K (z + j X cos /3 -
j y sin/3 )

(|) =A^ e ° (62)

where /3 is the wave -heading angle with respect to the positive
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X-axis, Wq is the wave frequency, K^ is the wave number given

by Wq / g, and A is the wave amplitude. The wave diffraction is

represented by (pp. and the fluid disturbance caused by the motion
of the body in initially calm water is represented by ^^ . Within
a linear approximation to the solution of the velocity potential <P^
we can let

6

<|)^^ = ^^v *v (63)M k-2 ko k ^ '

where ({)^ is another set of velocity potentials, and ^ ko ' '^ ~ 2, . . . ,

6 are the complex amplitudes of the displacement of the body from
its mean position in sway, heave, roll, pitch, and yaw modes, res-
pectively. The pressure at any point of the hull is obtained from
Bernoulli's equation by

P= -f^^- P^^^^^<^)^\\'^^\'^) (64)

At this point, we will establish the following conditions :

(1) the motion of the body is small, so that the pressure at a point

on the body surface at any instant can be obtained via Taylor's expan-
sion of the pressure at the mean position of the body; (2) the terms
of <) (Cj)^^

, 0^ ({)^ , (j)^ , ^ko ^•.. ^ko^D '

^ko^
^^^^ ^^ discarded in the

evaluation of the pressure; (3) only those components of the pressure
which have harmonic time dependence will be considered, and (4)

the static-pressure component and the connponent which contributes

to the static restoring force or nmoment of the body will not be inclu-

ded in evaluation of the pressure.

With the foregoing conditions, the complex annplitude of the

pressure at a point on the body surface can be expressed by

p = P ( j c + U^ )
<1)

dx o

evaluated at the mean position of the body.

(65)
6

^ These conditions are also applied to monohull ships by Salvesen,
Tuck and Faltinsen (1970).
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Integration of the pressure over the wetted surface of a

catamaran should yield the hydrodynamic forces and nnoments. Thus,

we have

^O
for i = 2, 3, . . . , 6, where n2 and n^ are respectively the y and z

components of the unit normal vector and n^ = yn3 - zn2, nc^ - -xn3
,

n^ = xn2 .

We can further decomipose the hydrodynamic force into two
parts i.e.

F™ =f(^' +f''">
i i i

where

(e)
F. = wave-excited force

1

= p// n. (j CO + U^) (4)j + (t>^) ds (66)

^o

^ (m) . , ^
F. = motion-excited force

1

= "Efko ii^i^i- ^u-^) *k "i^ (^^'

^o

Applying the results of Ogilvie and Tuck (1969) to the simpli-

fied case in this work, we can show for any differentiable scalar

function
(f)

with the usage of Kronecker's delta function that

and

//
n.*,ds= // (n3 5-5 -n^

h^"^^^' M \ ^^^ ^''^

C(x)

where S is the immersed hull surface forward of the cross section

at X, and c(x) is the line integral along the contour of the cross
section. Utilization of Equation (68) in Equation (66) yields
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'.^^^ =p//n. (jc + U-A_) (<j)j + (|)^)ds

' // i n. ( o) + U K cos /3 ) <t>, ds

so,

= p

So
where the line integral at the stern section is neglected.

Within the accuracy of the order of approximation in this

work and together with a slenderness assumption of each hull of

the catamaran, we can derive from Equation (58) and (61) that

^Mn = - ^"^ ^io "^ -o''^) . n - U (aoxe, ) . n on S^ (70)

where

io " ^ ^0' ^20' ^30^

-^o " ^ ^40' ^0' ^60^

A. = (x, y, z)

and e_\ is the unit vector in the x direction. Substitution of Equa-
tion (63) into Equation (70) yields

([). =-ja) n. + U n, 5 . ^ - U n^ 6., (71)mi 3 i5 2 16

on S for i = 2, 3, . , . , 6,
o

Using Equation (71) and the relation

'*> + U K cos 3 = 0)
o ^ o

in Equation (69), we get
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jj in JO) 3n ''id j cj 2n 16 D
So

ds
in JJ / / IJn ' 1

by Green's theorem and

*, = - ct>T. on S
In Dn o

from the kinematic boundary condition, we can show that

JJY o I ' 1 joj 3 i5 jw 2 16 ^n| I

So (72)

The above procedure for eliminating the diffraction potential q
from the expression for the wave -exciting force and moment was
first shown by Haskind (1957) for zero speed and later it was exten-

ded by Newman (1965) for the case of forward speeds and is referred
to as the Haskind-Newman relation.

Similarly, we can derive

p(n^)
^ P Y ^. // (i a; n. + Un„ 5_ - Un^ 5.,) 0, ds

^-f ^ko // in J oj 3n i5 1 w 2n 16 k

xr -.-. (m) . , ,-

If we express F . in the form

6

1 k:2 ko ^
ik J '^ ik '

where Aj|< are the so-called added mass quantities, and B;y<

are the damping quantities, we find from Equation (73) that

A., = Re
ik

•

i -^ff(^- +^4), 5., -4^^, ^.Jct^^dsl (74)
J ( '^11 m J

oj 3n " i5 j oj 2n 16 k f
So
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B., = Im
ik J

{-^1>.„^I^*,„^.-^*,„*J*.in j w 3n 15 j oj 2n 16 k
ds

}
(75)

Using Newton's second law, we can show that the equations

of motion can be expressed In the fornn

where

2 ^

-co E M^v ^

ki2
ik ^ ko 1 1 ik

(76)

M
Ik

M -Mz Q
g

M

-Mz

"U
z Is the z-coordlnate of the center of mass, and
g

(s)
F = Hydrostatic restoring force

33
-C

35
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where A,^ , Bj^^ and Fj are frequency and speed dependent.

For slender catamarans we can assume that no coupling

exists between the motions on the horizontal and vertical planes so

that

^ik = «ik = "

for the following combinations of i and k

i =2, 4, 6 for k =3, 5

or

= 3, 5 for k = 2, 4, 6

As has been seen previously, the hydrodynamic coefficients

appearing in the equations of motion can be obtained, if the solution

of the velocity potentials (J)^ (i = 2, . . . , 6) are known. In the solu-

tion of (])-[ , the flow around each transverse section is assumed
to be two-dimensional, and, thus, the variable x enters as a para-
meter in the expressions for 0i . A correct mathematical deve-
lopment to lead to such an approximation from the slender-body
theory is given by Ogilvie and Tuck (1969), and a comprehensive
review of this approximation is given in Newman (1970).

Approximation of three-dimensional flow by two-dimensio-
nal flow as described previously is often called the strip approxima-
tion. The strip approximation of the hydrodynamic coefficients has
been quite successful in the prediction of motions of monohull ships.

Regardless of the possibility that the two-body interference of the

flow between the hulls may weaken the two-dimensional approxima-
tion, the strip approximation is applied in this work to check both
the reliability of the approximation and the areas which might be
improved should the approximation prove unreliable.

The assumption of linear excitation-response relationship
and the strip approximation lead finally to determination of the hydro-
dynamic coefficients shown in Table 1. The solution of two-dimen-
sional added inertia and damping is obtained by using the method of

source distribution. The description of the method for heave added
mass and damping is given in Lee, Jones, and Bedel (1971).

For illustration, the derivation of A^^ , B„ and Bpg
will be shown here. Fromi Equation (74) and the strip approximation,
we have

533



Pi.en and Lee

A^=- 'Re. Tdx /*
((t)_ +4^6 )*, di

53 0)2 J
I I 5n J a; 3n 3

where / means an integral over the length of the body from the

aft to the fore perpendicular. From Equation (71) we have

<j) = - j oj n^ + Un^ = j o) n^ (x + )= -(x + —— ) (B ^^5n * 5 3-* 3^ jo) ' ^ jw' ^3n

Thus,

^3A_ = ^ Re . / dx / (-x+^^)(l)^ (t)_ di
J / J,, J " 3n 3

L c(x)

L -'clx)

+ 4 {- -^- Im. [ dx f <D^ (D^ d^
0,2 \ o)

J J Jf
3 3n

/
c(x)

X a33 (x) dx + -;;^ B33

where

a^^ W = - -^^ Re. / (D. 0_ d^
33 u><^ 1 / 3 3n

Sinnilarly, we can show, using Equation (75), that

B_. = ^Im
53 w

. / dx / ((t)^ +^cS)^ )o^ de
j/ / ^5n ja;^3n 3

P x__ / .„ / („^ U
^ ^ ^ ^^

j w 3n ^3

^xb33(x)dx-U {-^Re.jdxjct)3CD3^ df|

L cW

xb33 (x)dx - U A33

b,, (x) = - -^ Im. / <!)_ (()_
33 a,

j^^^^^
3^3n
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From Equation (75) we have

26 ^
i j

Since by inspection we can deduce of Equation (71) that

*^ = (X + -T^. ) 0,
_U

we can show that

=26 = /"dx {-^-i,„. f <t.^4)3„ d^

' c(x)

/
X b^^ (x) dx - U A^^

APPENDIX B - SOLUTION OF DIFFRACTION POTENTIAL

In the following, the solution of the diffraction potential
Cp will be obtained in the Oyz plane.

D

The boundary-value problem for Cf) is described as

( ^ + ^) ^r. (y. ^) =V az2' -D

*Dz (^' ^) - ^o ^D =
' (78)

where

K 2 /
'^ / g

Dn *
In

(79)

where Cq is the contour of the immersed portion of a catamaran
cross section located at x , and the incoming wave potential
is given by

(t) =A^ J ^o ^ ^°^ ^ e^o (=" - J y ^^^ ^ ) (80)
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where

K = ^} I g

Since the variable x enters into this problem as a parameter, we
take e -'^o^'^osp ^^ ^ constant term and let it be denoted by c .

<t)o, (y. - « ) =

4)^ ~ Be^'^-'j^ol^'l as |y|— =o (81)

where B is a constant.

Substituting Equation (80) into Equation (79), we obtain

j^ I . / .a \ K„ (z - iy sin/8)© = - o) AC (-j n., sin /3 + n, ) e o ^ ""^
'

^Dn L o ^ ' 2 I
'

° (82)

where n and n - are the y and z connponents of the unit normal

vector on Cq . For brevity, we let

y ' = y sin /3
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where (J)g and (Pq are even and odd functions in y , respectively,

and satisfy the following body boundary conditions

(i>
I

= A' e ° ^ (n^ CO s K y'- ni sin K y') (84)^ en If, 3 o -^

2 o

($)
I

= - j A' e ° ( n' cos K y' + n^ sin K y') (85)
on I

_

2 o 3 o

The potentials Qg and (p also independently satisfy the rernaining

conditions prescribed for (Dj) . With this arrangement, we can easi-

ly relate <pQ to the problem of heaving twin cylinders and relate y
to the problenn of swaying twin cylinders with the only trivial differen-

ce being the magnitudes on the right side of Equations (84) and (85).

The solution for oscillating twin cylinders can be obtained
by using the method of source distribution along the contour C q

The expression for the source is given by

= J- F/n { (y- ^)^ + (z-r)^ }+^J(y+^)^ + (z- dM
^"L )(y+,)^ + (z+ r)^(" {(y+^)^ + (z+ D^ }

^
/•a.^k(z+ r)

+ —^ ~r ^T j— \ cos k (y- J? ) ± cos k (y+ ^7 ) > dk
'^

I
cos K^ iv- v) ± cos K^ (y+ Tj

)
I

(86)- J e

where the plus sign corresponds to heave (G ) and the minus sign cor-
responds to sway (Gq) , and J^ means Cauchy's principal -value
integral.

Let

where C^ is the integral along the immersed contour of the right-
half of the cross section, and Qe and Qq are the unknown source
strengths. Applying the boundary conditions given by Equations (84)
and (85) to Equations (8 7) and (88), respectively, and solving the

integral equations for Qg and Q , we obtain the solutions of V
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and (p and, hence, the solution of (j)
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DISCUSSION

J. N. Newman
Massachusetts Institute of Technology

Cambridge^ Massachusetts ^ U.S.A.

(Discussion read by Professor Beck)

Drs. Lee and Pien have applied up-to-date hydrodynamic
techniques to the prediction of catamaran motions and wave resistan-

ce, and while they have each experienced isolated cases of poor
agreement with experiments, the overall success in both problems
is quite striking. My remarks will be focused on the principal discre-

pancy experienced in the seakeeping portion of this paper; namely,
the substantial overprediction of pitch and heave, with forward speed,

at a critical wavelength. It seems clear that this is associated with

the presence of near-zero heave damping at zero forward speed, and
the use of the zero- speed hydrodynamic coefficients in a strip-theory

manner. This problem does not show up for conventional hull forms,
even when (zero-damping) bulbous sections are present locally such
as in the bow. But for a body such as Model 5266 where bulbous
sections are dominant, the total heave damping coefficient will be

more seriously affected and, in view of the strong coupling due to

forward speed, both the pitch and heave motions will be exaggerated
as shown in figure 8.

To be more specific, let us consider the case of a thin-body

section, so that the explicit results of thin-ship theory are applica-

ble. Then it is known that the two-dimensional damping coefficient

for a section with offsets y =if (z) is proportional to the square
of the integral

T

/ -Kz df ,
e —

:;
dz

dz

or to the Laplace transform of the hull slope in the vertical direction.

Here T is the ship's draft, and K is the wavenumber. Clearly, for

a bulbous form where df/dz changes sign, the above integral will

vanish for suitable combinations of the wavenumber and hull shape.
Now in three dimensions and with zero speed, the same conclusion
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will apply, for suitable shapes f (x, y) , essentially because here
the damping coefficient depends on an integral, with respect to the

waveangle , of the square of the surface integral.

T L/2

f f -Kz + iKx cos af(x, z) , ,
•^ -^ e —^^ dxdz

- L/2 oz

and since the wavenumber K is independent of the parameter , the

above integral will vanish for cylindrical vessels having the appro-
priate two-dimensional shape. Based on this argument, we can con-
clude that zero damping can occur not only in two dimensions but also
in three, provided the forward speed is zero.

Finally, let us consider the case of forward speed. Then, as
shown, for example, in my paper in the June 1959 issue of the Jour-
nal of Ship Research the threee -dimensional dannping coefficient is

again proportional to the square of a surface integral similar to that

shown above, but now the wavenumber K is no longer a single cons-
tant, but, depending on the value of the Brard parameter coU / g ,

takes on either two or four discrete values, each of which depends
on . Thus, since the square of the surface integral is integrated

over a continuous spectrum of K ; the probability of zero damping
is greatly reduced. The three-dimensional theory which I presented
in 1959 was eclipsed by the subsequent success of the simpler strip

theories, which could be more easily refined to account for the effects

of finite beam. But Dr. Lee has discovered a situation where the

three-dimensional and forward- speed effects may be more important,

and I hope to have the opportunity to pursue this matter further, by
resurrecting nny 1959 theory and applying it to the catamaran configu-

ration.

DISCUSSION

Robert F. Beck
Vni-vevsity of Miohtgan

Ann ArboVj Michiganj U.S.A.

Personally, I am wondering if you have done any non -head-

sea calculations. What you have shown in the paper is just for pitch
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and heave in head seas. It would seem to me that the non-head-sea
case nnay be nnore critical for certain combinations of ship speed and
wave heading angles. If you have calculated these modes of motions,

did you consider any viscous effects, particularly roll-damping, as

Salvesen, et. al. had in their paper when they included an empiri-

cal viscous damping term.

REPLY TO DISCUSSION

Choung M. Lee
Naval Ship Research and Development Center

Bethesda^ Maryland^ U.S.A.

I will answer Professor Newman's discussion first. As I

discussed in the paper, the under-estimation of the damping is expect-

ed to come from the deficiency of the 'strip theory which cannot take

care of a three-dimensional flow when a catamaran has forward
speed. I agree with Professor Newman's viewpoint that the forward
speed effect on the motion of LWP catamarans could well be repre-
sented by a thin- ship approach. The difficult part is to incorporate the

three-dimensional wave interference between the two hulls.

As to Professor Beck's question, I have pointed out that I

formulated for five degrees of freedom of motion. The only numerical
results we have obtained so far is up to coupled heave and pitch mo-
tion in head seas. As to roll damping, I suspect that we may have to

introduce a similar kind of supplemental damping to the one introduc-

ed in the heave and pitch motion for LWP catamarans. However, at

the present stage we are not sure if the supplemental damping should

necessarily be governed by viscous effect alone as treated by Salve

-

sen, Tuck and Faltinsen in their SNAME paper of 19 70. More signifi-

cant factor governing the damping could be the forward speed effect.

I hope that our future investigation on this subject would clarify the

question.
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DISCUSSION

T.K. S. Murthy
Portsmouth Polyteohnia

Portsmouth^ U. K.

I have not had occasion so far to read the paper which Dr.
Pien and Dr. Lee have presented, but from the presentation and the

discussion I can see that they have used strip theory with two-dimen-
sional damping values and that they have also made the assumption
that the waves are not disturbed by the catamaran. These are perhaps
two shortcomings in the work but it is obvious from the talk I gave
this morning that if we put the parameter beta equals zero - we have
chosen four paranneters - delta, beta, alpha and epsilon - if we put

beta relating to the cushion pressure equal to zero we get all the

results we require for a catamaran.

In my treatment I did not start from the equations of motion,
as is normally done. I have not specifically used added mass and
damping values, but these are implicit in the equations. The strip

theory is always suspect, particularly at forward speeds, and it is

better not to use it. Although my theory is applicable only to the thin

hulls of the conventional catamaran, it can also be applied to circu-
lar cylinders well below the free surface, whatever the dimensions
might be, because then the wavemaking could be considered fairly

negligible. I would strongly recommend that Dr. Pien and Dr. Lee
use the method talked about this morning to see how it compares
with their results. We should be very glad to collaborate with them
in this respect and do sonne work at the University if required for

confirmation of their results. This is a different approach. It does
not make any explicit assumptions and we get the same results by a
different approach. I strongly recommend some sort of collaboration
between NSRDC and the University.
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REPLY TO DISCUSSION

Choung M. Lee
Naval Ship Research and Development Center

Bethesda^ Marylands U.S.A.

Dr. Murthy's suggestion of using three-dimensional singu-

larity distribution is well understood. In principle we can always use
the method of singularity distribution to obtain the solution of a linear

boundary-value problem in the three -dinnensional space. The only

difficulty is in the evaluation of the hydrodynamic quantities, which
takes much more time than the two-dimensional solution does. This
is the main reason why we have relied on the strip theory. Owing to

the short time at my disposal I did not explain too well, but when I

said that the presence of body did not disturb the incoming wave this

was applicable only to the case of obtaining relative motion. In obtai-

ning ship motion the wave diffraction effect due to the presence of

body is incorporated in the wave-exciting term by use of the Haskind
relation.
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HYDRODYNAMIC DESIGN OF AN S^

SEMI-SUBMERGED SHIP

Thomas G. Lang, PhD
Naval Undersea Research and Development Center

San Diego 3 California U.S.A.

ABSTRACT

The S-^ semisubmerged ship concept is described,

and hydrodynamic characteristics are presented. Va-
riations of the basic form are discussed and results

of model tests and theory are presented on static and

dynamic stability, drag and power, motion in waves
and effectiveness of an automatic control system for

motion reduction. The results show that an S is in-

herently stable at all speeds, well damped in all mo-
des, and should provide a near-level ride in high sea

states if equipped with an automatic control system.

Furthermore, an S should have less drag than a

monohull at the higher design speeds.

INTRODUCTION

Military and commercial users of ships are continuously

searching for new design concepts which would provide improved
speed, range, payload ratio, seaworthiness, or reliability. Such

improvements are preferably to be attained at reduced cost, although

cost tradeoffs are the general rule. Since monohulls have long been

the most widely used hull form, it is generally accepted that their

lead position is not easily challenged.

The large monohulls can carry a very large payload ratio,

they have a long range at moderate -to-high ship speeds, and they

offer good seaworthiness at a relatively low initial and operating cost

per unit of payload. The small monohulls, on the other hand, have

549



Lang

other advantages, such as : low unit cost, more flexible utilization

resulting from greater numbers for a given total cost, more frequent
scheduling, less net cost when small payloads are required, and less

target value in the case of military applications.

Unusual ship designs such as hydrofoils and various types of

air-supported vehicles have already taken over some of the missions
performed earlier by monohulls. These types of craft are high per-
formance vehicles, and tend to be used when higher speed is impor-
tant, such as certain passenger craft and special military applica -

tions. These craft require considerable power, are more complex
in design, and are therefore more costly than monohulls.

There is a need for a new type of small displacement ship

which has low cost, has all the desirable features of small ships, and
yet has many of the desirable features of large ships.

One new type of displacement ship which has been receiving

considerable attention lately, especially in the oil drilling industry,

is called a semisubmersible. Typically, semisubmer sibles are
low-speed ships having two or more subnnerged cylindrical hulls with
several vertical cylinders supporting a platform well above the water.

These craft have been found to withstand very high sea states and
winds, and exhibit small motion in waves relative to monohulls.

The term S refers to a certain class of related semisub-
merged ship designs and their characteristics. The S semisub-
merged ship concept discussed in Reference 1, and shown in Figure 1,

belongs to the family of semisubmer sibles ; however, it is designed
to provide low drag at higher speeds, and to have good seaworthiness
not only at rest, but underway. An S-^ tends to fill a gap in ship

design since it can be small, having all of the advantages of small
ships, and yet have the speed, deck space, and seaworthiness of

large ships.

3The S concept stemmed from designs of the writer dating
back to the 1950' s. This concept was introduced at the Naval
Undersea Center (NUC) in 1968, where it has been under active
investigation ever since. The S"^ is not the only higher-speed se-
misubmerged ship concept, however. Several other types have been
designed, as discussed in Reference 1, including a single-hull
version conceived by Lundborg dating back to 1880, a multihuUed
version described by Blair in 1929, a twin-hulled version by Creed
in 1945, the Trisec by Leopold at Litton Systems in 1969 (Ref 2), and
more recent versions called Modcats designed by Pien at Naval Ship
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Research and Development Center (NSRDC) (Ref 3)

DESCRIPTION

The typical design of an S semisubmerged ship, shown in

Figure 1, consists of two parallel torpedo-like hulls which support

an above -water platform by means of four well -spaced streamlined
vertical struts. Stabilizing fins attached to the aft portions of the

hulls provide pitch stability at higher speeds. The water plane area
and spacing of the struts provide static stability in both roll and
pitch. Small controllable fins called canards may be placed near the

hull noses. These canard fins can be used in conjunction with control-

lable stabilizing fins at the rear to provide motion control over heave,

pitch and roll. If rudders are placed in each of the four struts, mo-
tion control over yaw and sway can be obtained, especially when an

S travels obliquely to waves. It should be noted that an S design

is inherently stable at all speeds, without the use of control surfaces.

Some of the advantages of the S hull type relative to a mono-
hull are : greatly improved seaworthiness, both at rest and underway;
reduced wave drag at higher speeds , greater deck area and internal

volume ; certain advantages of the unusual hull shape for placement
of a central well, mounting sonars, carrying small craft, placement
of propulsors, and potential for modular construction ; improved
propulsive efficiency and greater cavitation resistance ; greater top-

side weight capacity; and the potential for a near-level ride in high

sea states.

These advantages are to be weighed against the disadvantages.

The primary disadvantage is the increased structural weight due to

its relatively dispersed design form. Other possible disadvantages

include the large draft, and the need for ballast control over trim.

Many variations of the typical design shown in Figure 1 are

possible. The strut thickness and chord lengths can vary, the hull

lengths and diameters can change, the hull cross -sectional shape can

vary, the rudders can be located behind the propellers, the sizes and
positions of the stabilizing and control fins can be varied, and the

ship can be propelled by means other than propellers, such as pump-
jets. Still other S^ variations from the typical design form are
presented in Figure 2; these include a two-strut and a six-strut,

twin-hulled design, and several types of single-hulled designs. There
is no "best" S hull form, since the form will vary as a function of

size, mission, and design constraints.
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The primary objective of this paper is to describe the basic

characteristics of an S^^ so that it can be compared with other types

of ships for various types of applications. To do this, the drag and

power, stability, motion in waves, and automatic control characteris-

tics will be discussed.

DRAG AND POWER

In calm water, ship speed is a function of drag, and is there-

fore limited by the installed power. The maximum speed may be less

in the higher sea states, since speed may be limited either by ship

motion or by increased drag due to waves. In the case of monohulls,

speed limitations in the higher sea states can be severe.

In order to compare the drag and power of a wide variety of

ship forms, sizes, and speeds, the following equations are used :

D
drag coefficient =

power =

displacement Froude number = Fy =

^D
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a function of F .

Figure 3 is reproduced from Reference 1, and shows the

approximate hull efficiency E at maximum speed for a variety of

ship types as a function of displacement Froude number Fy in calm
water, Hull efficiency is an important parameter since the equation

shows that it is directly proportional to range. Note that the hull

efficiency of an S"^ is somewhat less than that of a monohull at low
F\j , but somewhat greater than that of a monohull at high Fy
where monohull wave drag becomes large. The reason for this re-

sult is that an S-^ has a greater frictional drag than a monohull due

to its increased wetted surface area, but has less wave drag at

higher speed due to its unusual hull form. A Cq of 0. 05 and an
7/ of 0. 80 have been used for the S"^ curve in Figure 3 at F^ =

2. 0, with Cpj /v reducing slightly at lower F^ , and increasing

slightly at higher F^ to reflect reduced propulsive efficiency. The
propulsive efficiency v is somewhat greater for an S-^ than for

monohulls since the boundary layer inflow to the propulsors will be

more axially symmetric ; therefore, the S-^ propulsors can be more
completely wake adapted, as in the case of torpedoes where propul-

sive efficiencies of 85% to 90% are not uncommon. The line

shown in Figure 3 for monohulls is the locus of the highest measured
values of E. In rough water, the value of E for monohulls will

reduce considerably, as shown later, while E for an S*^ ship will

not change appreciably.

The dashed lines in Figure 4 show the measured Cq from
model tests. The model data relate to a small-craft S^ design. The
solid lines are the estiinated drag coefficients for several 3 000 -ton

ships, including an improved low -wave -drag four -strut S , and the

estimated Cp of an improved two-strut design taken from Ref 3.

Notice that the values of Cq for the 3000-ton ships are significant-

ly lower than those of the small models, primarily due to the

Reynold's number effect on frictional drag and the use of thinner

struts. The wave drag portion of the estimated value for the S-^

ship was calculated by Dr. R. B. Chapman of NUC using linearized

thin ship theory in which all strut- strut, strut-hull, and hull-hull

interactions were included. This same theory has provided excellent

agreement with a large number of tests conducted on various struts,

strut-hull combinations, and complete S -^ models. Reference 4 by
Dr. Chapman contains data for estimating the spray drag of surface

-

piercing struts at high speeds.

Figure 5 shows the ratio of the drag in waves to the drag in

calm water for tests on a 5-foot model of a DE-1006 destroyer
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(Reference 5), and for tests on a 5-foot model of an S-^ . The drag

of the destroyer model increases by factors of five or more in waves,

while waves are shown to have no significant effect on the drag of the

S^ model.

Figure 6 shows the power required for a 3000-ton, four-

strut S^ compared with the estimated power requirements for a

hydrofoil, a high-speed surface effect ship and a destroyer. The

results show that the S"^ requires significantly less power than

either a hydrofoil or SES at speeds up to around 50 knots.

A photograph of a model of a 3 000 -ton S"^ is shown in

Figure 7, together with a list of some of its estimated characteris-

tics.

STABILITY

A wide variety of model tests have shown that the S-' is

inherently both statically and dynamically stable. In regard to static

stability, the metacentric height in roll can be calculated from the

equation

GM = — - BG
V

where I = A = moment of inertia of the total waterplane
4 Aarea A,

b = strut center -line spacing,

V = displaced volume
BG = is the distance upward from the center of buoyancy to

the center of gravity.

Large topside loads can be carried,even with a small waterplane

area,due to the substantial transverse and longitudinal strut spacing.

Tests in large waves and high simulated winds have shown

that GM in roll should be around 3/4 of the hull diameter (alternat-

ively, approximately 8% of the beam), although values as little as

1/4 of the hull diameter are acceptable. Tests indicate that motion

in beam waves reduces as the roll GM increases, contrary to some

mionohull results. However, since both wave drag and structural

weight increase as the strut waterplane area and spacing increase,

the roll GM should be made no larger than necessary.
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The metacentric height in pitch is calculated from the same
equation as for roll, except I now refers to the longitudinal area
moment of inertia. Tests to date on S -^ models have shown that

motion in waves reduces as the pitch GM increases. In other words,
the struts should be well- spaced in the longitudinal direction. This

is one of several reasons why the four -strut configuration was
selected as a typical (but not the only) design form for an S -^

.

Figure 8 shows typical waterplane areas for a monohull, a

catamaran ship, a two- strut low waterplane ship, and a four- strut

S-^ . Note that the S-^ has the greatest static stability in both roll

and pitch per unit waterplane area because the waterplane area is

concentrated in the four corners of the ship where it is most effec-

tive. Another advantage of the four -strut configuration is that it has

less virtual mass in the transverse direction than the two strut

design, and therefore will have less motion and hydrodynamic load-

ing in beam seas.

One of the first questions explored in a series of S-^ model
tests conducted in 1969 concerned the dynamic stability of an S^ .

Figure 9 shows pitch data obtained on several 5 -foot model confi-

gurations tested in calm water in the General Dynamics Aeromarine
Test Facility model towing basin in San Diego, California. The hull

diameters were 4 inches. Figure 9 shows that all models were stable

at all test speeds except the non-S^ model designated C + N which
had no stabilizing fins. Thus, these tests showed that the S sta-

bilizing fins were necessary for dynamic stability at Fy greater than

about 0. 9. This result was in good agreement with S^ design theory

which shows that the dynamic instability of bare hulls will overconne

the static stability provided by the struts above some critical speed

unless stabilizing fins are incorporated.

A very useful device to further investigate the dynamic
stability of an S is the 5-foot radio-controlled model shown in

Figure 10, which was tested in 1970. This model was stable under
all test conditions and controlled well. All motions were well damped
at rest and highly damped when underway. It operated well in waves
and wind at all angles, although the greatest motion occurred in large

following waves. Figure 11 shows an 1 1 -foot model built and tested

at the Naval Ship Research and Development Center in 1971. This
model performed similar to the 5 -foot model suggesting that model
tests and the known scaling relationships are valid.
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MOTION IN WAVES

During the 1969 towing tests, various S"^ model configurat-

ions were tested in 4-inch X 80-inch waves in head and following

seas. The non-dinaensional pitch and heave amplitudes for two S^

models in head seas are shown in Figure 12 together with the pitch

and heave amplitudes of a 5 -foot model of a C-4 monohull ship.

Note that the motion of the S-^ models is significantly less than that

of the monohull model. The S models were also tested in a

variety of wave lengths, and no resonance was found in head seas.

The test results in following waves showed significantly more
motion, as seen in Figure 13. The monohull was not tested in follow-

ing waves. The wave height was equal to the Hull diameters, so the

waves were relatively high. Tests in 2-inch waves showed consi-

derably less motion. Data taken on the lift force and pitching moment
indicated that small control surfaces and an automatic control sys-

tem would significantly reduce motion in following seas.

Tests at rest in beam seas showed that the roll of the S

models was significantly less than that of the monohull model, and

no resonance occurred at any of the wavelengths tested.

AUTOMATIC CONTROL SYSTEM

The combined use of horizontal canard control fins near the

noses of the hulls, and controllable stabilizing fins near the aft end

of the hulls, provides motion control over heave, pitch and roll in

high sea states.

Figure 14 presents computer results obtained by Dr D. T.

Higdon of NUC showing the reduction of heave and pitch in head

waves which is achievable by automatic stabilization of an S

ship similar in shape to the radio-controlled model of Figure 10.

The already small motions are reduced by a factor of four or more.

Figure 15 shows the computer results for motion reduction

in following waves. In this case, the result is much more dramatic.

Heave is reduced by factors of twenty or more, and pitch is reduced

by factors of five to ten.
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SUMMARY

A considerable number of model tests, theoretical studies,

and design studies have been conducted on the S"^ concept. The
results show that the S-^ is highly stable and seaworthy (both at

rest and underway), more efficient at higher speeds than conven-
tional ships, and will provide a near -level ride if automatically
controlled in high sea states. Also, many advantages result from
its unusual hull form for various kinds of military and non-military
applications.
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Figure 1. Basic S semisubmerged ship concept

558



Hydrodynamic Design of an S^ Semisubmerged Ship

C

7

ni^:^
TWIN HULL
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DISCUSSION

Gerald E. Bellows
Universitdt Hamhuvg^ Institut fur Sohiffbau

Hamburg^ Germany

I would like to thank Dr. Lang for an excellent presentation.

It is evident that this type of ship has extremely good seakeeping pro-
perties. This is perhaps its major advantage over the monohuU. I

have studied ships of this type and have found that, with the cargo
loaded on the deck, it is difficult to obtain sufficient GM in both the

longitudinal and transverse directions. I wonder if Dr. Lang could

give us a weight breakdown, including the structure, fuel, and cargo
(or payload). I also would like to know what type of power plant would
be used and if it would be located in the underwater hulls. I would like

to know if it is possible to alter the draft by ballasting. Dr. Lang has
mentioned in his report that the draft could be a problem, but this

could be overcome by using ballast to alter the draft when entering

port.

REPLY TO DISCUSSION

Thomas G. Lang
Naval Undersea Research and Development Center

San Diego J California^ U.S.A.

To answer the first question, the metacentric height (GM)
increases a little faster than the square of the distance between the

waterplane areas. Thus by concentrating the waterplane area near the

four corners of the platform through using four struts we obtain a

maximum GM for a given waterplane area in both roll and pitch. As
a result, it is possible to have a GM that is on the order of three or

four times that of the conventional monohuU in roll, and a GM which
is much less than a monohull in pitch but yet one that gives very good
pitch response. The result, as seen in the film, is an acceptable me-
tacentric height in both roll and pitch.
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As far as the ratios of the various weights are concerned, our

preliminary calculations indicate a structural weight to total weight ratio

on the order of 40 per cent for a moderately sized ship, if the ship

is made out of aluminium. Thus, we are proposing that a ship of this

type be made of aluminium to help to solve the weight problem.

In regard to the power plant, we would propose that the po-

wer plant on small craft be located in the top cross structure, with

some type of a drive mechanism to transmit the power down to the

propeller. In ships of a few thousand tons or greater, we would pro-

pose that the power plants be located in the tailcones of submerged
hulls, with direct drive to the propeller through a gearbox. Alterna-

tively, a cryogenically cooled electric power system
We are proposing gas turbines for power because of their light weight

and efficiency, especially in the larger size range.

In answer to the last question, on ballasting, we do have pro-

vision for ballasting in all the proposed designs. In very shallow water
ports, the loaded ship minus fuel provides a draft about equivalent to

that of a monohull ; therefore such a ship could be fully loaded at the

dock and the fuel topped off in the deeper region of the harbor.

DISCUSSION

Nils Salve sen

Naval Ship Research and Development Center
Bethesdaj Marylandj U.S.A.

I have recently made an investigation of the seakeeping cha-

racteristics of low-water -plane catamarans and I found it a very inte-

resting subject, Reference 1. What makes it so much more interes-

ting than for conventional ships is that the seakeeping characteristics

of catamarans and in particular LWP catamarans are extremely
sensitive to changes in the hull geometry. For conventional monohulls,

on the other hand, large changes in the hull parameters are required

in order to produce any substantial effects on the seakeeping charac-

teristics.

It is recognized that as far as the seakeeping is concerned,

the major advantage of the LWP catamaran over conventional hulls

is that they have a very low natural frequency due to their small water-
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plane area. Therefore, in head seas, the maximum heave and pitch

motions are usually at wave lengths approximately five times the

length of the hull. This means that a long LWP catamaran (say longer
than 300 feet) will only experience large pitch and heave motions in

extremely severe sea conditions. On the other hand, a 100-foot cata-

maran will experience in ocean operation maximum pitch and heave
motions a large percentage of the time.

This aspect of the motion responses of LWP catamarans is

well-known ; however, it is less recognized that the added mass and
damping coefficients as well as the exciting forces are all much
smaller than for conventional hulls and that the maximum pitch and
heave motions are extremely sensitive to small changes in these

quantities. In particular, it is important to recognize that the damping
coefficient for certain catamaran configurations can be so small that

it results in pitch and heave motions several times larger than for

conventional hulls as shown in Reference 1.

Another seakeeping aspect which deserves attention is the

pitch and heave motions in following seas. Some of the LWP catama-
rans have about twice as much pitch motions in following seas than
conventional monohulls and the maximum pitch motions occur at wave
lengths of the order of magnitude of ship length (see Reference 1).

Dr. Lang has demonstrated that these vertical motions in following

seas can be considerably reduced by use of automatic control surfaces.

I would like to ask Dr. Lang if he is of the opinion that LWP catama-
rans in general will need automatic control surfaces in order to have
acceptable motions in following seas.

SALVESEN, N. , "Seakeeping Characteristics of Small-Water-
Area-Twin-Hull Ships", presented at AISS, SNAME, USN Ad-
vanced Marine Vehicles Meeting, Annapolis, Maryland, 17-19
July 1972, and published in the Journal of Hydronautics, Vol. 7

No. 1, Jan 1973.
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REPLY TO DISCUSSION

Thomas G. Lang
Naval Undersea Research and Development Center

San Diego 3 California j U.S.A.

In answer to the first comment, we have not seen in our ex-

periments any of the head sea resonance problems that Dr. Salvesen

mentioned. As you saw in the motion picture, the S model has

extremely high damping when under way, in both roll and pitch. This

large damping is provided largely by the canard fins at the front, and

the stabilizing fins at the back. It is probable that the differences

from Dr. Salvesen' s results are due to differences in design form
from the S model. We have found relatively good comparisons bet-

ween experiment and theory ; in general, the experimental results

tended to show less motion than theory would predict, especially in

the following sea case.

As far as automatic control is concerned, all of the tests

you saw in the motion picture were without automatic control, so it is

seen that the craft can operate effectively without automatic control.

In the case of following seas there is no motion problem
until the waves reach a certain height. When not using automatic con-

trol, large craft motion in the very highest waves in a following seas

can be alleviated by slowing down approximately the wave speed, or

less.
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DISCUSSION

Edmund P. Lover
Admiralty Experiment Works
Haslarj Gosport^ Hants 3 U.K.

I have a point to make concerning this most interesting paper,

and a question to ask.

Firstly, in Figure 3 of the paper a comparison is made bet-

ween the S form and conventional ships. I would like to make the

point that the "hull efficiency" WV/P 77 conventional monohulls can be

improved significantly above that shown by increasing the length to

displacement ratio. These longer vessels would also have improved
seakeeping characteristics as well as the Froude number of cross-
over above which the S shows to advantage.

My question is this. Was any simulation made during the

model experiments of an emergency crash situation and, if so, did

this exhibit any problems with maintenance of trim ?

REPLY TO DISCUSSION

Thomas G. Lang
Naval Undersea Research and Development Center

San Diego, California, U.S.A.

I agree with your comment of reduced drag for the larger

length-beam ratio monohulls designed for higher speeds. In the non-
dimensional graph of hull efficiency, this effect is already included to

a certain extent since the line for monohulls represents the maximum
value of existing monohulls wherein the higher-speed monohulls al-

ready have a larger length-beam ratio. Thus, the monohull line re-

presents the best of the known data, so the majority of monohulls will

lie below that line as far as efficiency is concerned.

Regarding the question of a crash situation, the radio-con

-
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trolled model was used to test light crack avoidance and the problem
of hull flooding in case a crack cannot be avoided. The model was
operated at top speed and suddenly given full reverse thrust. In no

case did the bow submerge or was there water over the deck. The
main reason for this good behavior is that the relatively low water

-

plane area has been concentrated near the front and the back of the

craft by making use of four struts. Thus, the metacentric height in

pitch is a maximum for a given waterplane area. This metacentric
height is adequate to prevent excessive pitch in the case of full re-

verse thrust from a condition of top forward speed. In the case of hull

flooding, the control surfaces were adequate to raise the platform to

trim conditions as speed increased. Trim at rest could be adjusted

by blowing water ballast or fuel on the damaged side and/or counter-

flooding on the opposite side.

DISCUSSION

Hans Edstrand
Statens Skeppsprovningsanstalt

Goteborg^ Sweden

I have not read Dr. Lang's paper, but when I looked at the

beautiful film I wanted to ask a question. The model size seems to

me to be enormous compared with the tank dimensions, and I should

like to know if Dr. Lang has checked his results in a larger tank and
if he has used the measurement for quantitative development.

REPLY TO DISCUSSION

Thomas G. Lang
Naval Undersea Research and Development Center

San Diego y Califomia^ U.S.A.

The model size is slightly large for the tank it was tested in.

The model hull diameter was 4 inches and the model was 5 feet long;

the tank was 6 feet deep, 12 feet wide, and 300 feet long. The ratio
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of hull diameter to tank depth was I/16. Dr. Chapman's analysis of
drag indicates that the model drag would increase at most a few per-
cent, depending on speed ; corrections for tank size have been made
in the model tests. There is no evidence that tank depth has an effect
on motion. One reason why tests were conducted in the larger model
basin at Escondido, California, and in San Diego Bay was to verify
that there were no significant effects of tank size on performance.
The results on the 1 1 -foot model at NSRDC showed essentially equi-
valent results. Thus to date, we have seen no significant effect of
tank size on the model characteristics

DISCUSSION

Christopher Hook
Hydrofin

Bosharrii Sussex3 U. K.

This extremely interesting paper by Dr. Lang I must disagree
with on the matter of his comparisons as given in Figure 6. If we
refer to Figure 14 of the Silverleaf 42^^^ Thomas Gray Lecture
(paper) given to the Institution of Mechanical Engineers and entitled

"Developments in High Speed Marine Craft" we see that whereas the

SES or amphibious Hovercraft shows higher speeds and better »? (L/D)
values in calm water than the Hydrofoil, this situation is reversed in

even moderate sea conditions and we get : Hovercraft 77 (L/D) =

2 to 3 against submerged Hydrofoils approximately 6, and surface

piercing hydrofoils 3 to 6 .

Now since the whole point of the raised platform is to elimi-

nate wave effects as much as possible, it follows that it is unfair to

present SES curves based on performances restricted to calm water
and progressing right off the graph to the right, i. e. to a speed range
which is far from having ever been demonstrated. I am informed on

the best authority that until new skirt techniques have been developed,
100 knot speeds remain out of the question.

To be specific, in Figure 6 Dr. Lang appears to claim some
10 knot more speed for a given power than for a hydrofoil but that is

not what he claimed verbally in this presentation. Surely there is a

mistake here.
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REPLY TO DISCUSSION

Thomas G. Lang
Naval Undersea Research and Development Center

San Diegot California U.S.A.

As pointed out by Mr. Hook, vehicle efficiency sould be com-
pared in both calm water and rough water. The objective of the paper,

however, was the semisubmerged ship concept ; consequently, full

comparisons were not made between hydrofoils and SES.

In regard to Mr. Hook's comnnent on Figure 6, it should be
recalled that all curves in this figure pertain to 3, 000-ton vehicles.

Conventional hydrofoils of this size are generally considered im-
practical ; hydrofoil weight tends to be high, and the design Froude
number tends to be too low. Design tradeoffs for a conventional

3, 000-ton hydrofoil between structures, cavitation, and hydro-
dynamic drag would tend ro result in reduced hydrodynamic efficiency

of the order shown in Figure 6. On the other hand, the value of

I) L/D for semisubmerged ships, and displacement hulls in general,

increase with displacement, for a given speed. This result should in

no way detract from the good efficiency exhibited by small, high-

speed hydrofoils and their excellent performance in rough water.
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PROPELLER EXCITATION AND RESPONSE
OF 230 000 TDW TANKERS

C.A. Johnsson
The Swedish State Shipbuilding Experimental Tankj

GotebovQj Sweden

T. S.5z(ntvedt

Det norske Veritas

^

Oslo 3 Norway

ABSTRACT

In cooperation between Uddevallavarvet AB(UV), the

Swedish State Shipbuilding Experimental Tank (SSPA)
and Det norske Veritas (DnV) a comprehensive inves-

tigation concerning propulsion, cavitation and vibra-
tion has been carried out on two 230 000 TDW tanker

ships. The results with reference to propulsion, pro-
peller cavitation and erosion have been reported at

the 1972 Spring Meeting of the Royal Institution of

Naval Architects [4] .

In the present report the results concerning vibra-

tion are reported. Full scale measurements of pro-
peller induced pressure fluctuations at different po-

sitions on the stern, static and dynamic thrust and

torque in the shaft, as well as vibratory response in

different parts of the structure have been carried

out.

In model scale the experiments of primary interest

in this connection are the measurements of propeller

induced pressure fluctuations in the stern, carried

out under cavitating and non-cavitating conditions,

the transducers being placed in the same positions

as in full scale. These tests were carried out in the

new cavitation tunnel at SSPA, allowing the use of

the same ship model for the cavitation tests as for

581



Johnsson and S^ntvedt

the tests in the towing tank.

The results of the full scale and nnodel experiments
for different ship-propeller -configurations (five -and

six-bladed propellers, hull with and without stern

fins) have been analysed and compared.

Included in the comparison are results of theoretical

calculations of the extent of cavitation over the pro-
peller blades, different kinds of shaft vibrations and
propeller inducedhuU pressure fluctuations from ca-

vitating propellers.

I. INTRODUCTION

The ships included in the present investigation are the first

two in a series of tankers of about 230 000 tons deadweight, which are

to be delivered from Uddevallavarvet AB(UV) within the next few years.

The first ship, T/T "Thor shammer", was delivered in December 1969,

being equipped with a five-bladed propeller.

The model tests in the towing tank indicated very good propul-

sive performance, which was confirmed by the results of the speed

trials with the first ship.

At the trials with this ship extensive measurements of vibra-

tory response and pressure fluctuations on the hull near the stern-

post were carried out by Det norske Veritas (DnV) together with re-

cordings of different kinds of shaft vibrations [l] . The results of

these measuremients indicated that the levels of the pressure fluctua-

tions registered by some of the transducers were very high ; in addition

a loud pattering noise could be heard in the aft part of the ship. The
vibration levels recorded were, however, not annoying.

At the docking of the ship, shortly after the trials, erosion was
detected on four of five blades. The blades were modified but after one

voyage to the Persian Gulf and back, erosion was again observed.

The high level of the pressure fluctuations was attributed to

significant development of various forms of unstable cavitation and it

was felt that there was a risk that the structure of the stern might be

damaged. A proposal was made to fit the ship with streamline fins on

the afterbody above the propeller and after extensive model testing of

different alternatives in the towing tank the ship was fitted with fins,
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as shown in Figure 1, and new full scale measurements of vibrations
and pressure fluctuations were carried out |_2j . The results of these
measurements were promising. The pressure fluctuations, as well
as the noise and vibration levels, were lower. Further the service re-
ports confirmed the results of the model tests, indicating no increase
of the power consumption. The problem of erosion of the propeller
blades was, however, not solved, although some improvement could
be noticed.

The main modification applied to the second ship was that fins

(somewhat different from those of the first ship, see Figure l) were
fitted during construction. In addition, a six-bladed propeller was
fitted, having a radial load distribution different from the original

five-bladed design.

Successful trials were carried out with this ship
|_3

J . Further,
the new propeller has so far worked without any trouble.

II. SCOPE OF THE PRESENT INVESTIGATION

When the project work was completed it was felt that, if com-
plementary model tests and full scale measurements could be carried
out with the second ship, an opportunity had arisen to obtain unique
material showing the influence of different modifications on the model
as well as on the full scale, whereby investigations concerning the

correlation factors for propulsion, vibratory response and cavitation

could be made.

Accordingly a research program was established, which was
carried out in close cooperation between Uddevallavarvet, SSPA and
DnV.

Together with the investigations carried out on the first ship

the full scale program included :

1. Speed trials with measurements of propeller thrust and thrust
variations (second ship only)

2. Photograpliing of cavitation patterns at different propeller loadings

and angular blade positions (second ship only)

3. Inspection of the propellers with regard to cavitation erosion

4. Measurement of propeller induced hull pressure variations
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5. Measurement of hull vibrations

Corresponding model experiments were carried out, including

studies of propeller cavitation behind coinplete ship models. In addi-

tion the model investigations included measurements of wake patterns
and static pressure with and without propeller in the towing tank as

well as in the cavitation tunnel, special streamline tests and tests

with a ducted propeller.

The present report will deal primarily with items 4 and 5

above. The results of the measurements under items 1-3 above were
summarized in[_4j .

III. SHIP AND MODEL CONFIGURATIONS TESTED

The main dimensions of the ships are :

Length between perpendiculars L = 1020'-0" = 310. 89 ni

Breadth

Draught, fully loaded condition

Draught, ballast condition, fore

Draught, ballast condition, aft

Displaceraent

Deadweight

Block coefficient

Capacity of cargo oil tanks 10 124 300 eft

Clean water ballast CT No 3 836 900 eft

Class Det norske Veritas + 1. A. 1. "Tankskip for oljelast, F, EO. "

Main engine, General Electric steam turbine, 32 420 SHP (metric)

at 85 rpm

Model scale 1:43.5

The different ship and propeller configurations tested are sum-

inarized in Table 1.
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Table 1

Ship
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Speed, Number of Revs and Sea State

Most of the tests were carried out in connection with the speed

trials but not at the runs on the measured mile. The speeds for the

tests reported here were recorded Xvith the log of the ship, which is

not a very accurate raethod. Accurate registration of the number of

revs was, however, carried out in connection with all measurements
by using a photoelectric cell, mounted on the shaft. Most of the re-

sults in this paper are therefore related to number of revs instead of

speed.

In the table below the sea state during various tests is present-

ed.

Sea State during Trials

Ship
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Table II

Positions of Pressure Transducers in Full Scale

Ship
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1) From aft end of stern post at the height considered

2) Not working at fully loaded condition

3) Fin, bottom

4) Fin, top

Pressure Fluctuations in the Afterbody

Measurements of the pressure fluctuations were carried out

at different points in the afterbody using semi-conductor strain gauge
transducers (ENDEVCO), see Figure 2 and Table II, having a mem-
brane diameter of 8 mm.

The circuits included low pass filters (32 Hz). Accelerometers
were fitted to the hull close to the transducers, in order to record the

influence of the hull vibrations on the propeller induced pressure
field, [28] .

Propeller Cavitation

The equipment used for observation of propeller cavitation is

described in L4j .

Noise Level in the Afterbody

A tape-recorder Tandberg TB IIP was positioned in the aft

of the main engine room and in locations adjacent to the propeller
(the emergency exit channel).

Thrust, Thrust Variations and Shaft Response were measured by
strain gauges (Hottinger) on the thrust bearing fundament and shaft

and the signals teleraetered to a digital voltmeter (thrust) and a UV

-

recorder (thrust variations). Aslo this circuit included a low pass
filter.

Further, axial shaft resonances were recorded by a spring

transducer, working against the flange coupling between propeller and
intermediate shaft.

IV. 2. Test Results

Vibratory Response in the Structure of the Ship

The results of the measurements of the vibration levels at
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different points in the deck house and in wing tank No 5 SB are shown
in Figures 3 and 4. The levels are given as amplitudes. In Figure 3

some levels, indicating the degree of unpleasantness, are marked for

comparison. They were calculated from the ISSC criteria, based on
acceleration, by using the formula

y = a/(2 w f)

where y = vibration amplitude

a = acceleration, vertical

f = frequency of vibration

The results from the measurements in the wing tank indicate

weak resonance at certain shaft speeds. The results of Figure 4 are

the largest values measured over the speed range.

The diagrams of Figures 3 and 4 show that the vibration am-
plitudes in the accomodation spaces were of reasonable magnitude. On
the first ship without fins, the amplitudes measured in the wing tank

were, however, considerable due to resonance at certain shaft speeds

(in general not the normal service speed). Unfortunately no measure-
ments were carried out in the wing tank on this ship, when fitted with

fins. From the results of the measurements in the deckhouse at the

different occasions it can, however, be concluded that the introduction

of fins reduced the vibration level considerably, but that the replace-

ment of the five-blades propeller with a six-bladed one caused no fur-

ther reduction of the vibration level. (In this connection it should be

remarked that the structures of the hull and deckhouse are identical

for the two ships apart from the fact that the second ship was fitted

with bilge keels).

Pressure Fluctuations on the Hull

The results of the measurements of the pressure fluctuations

at different points in the stern are given in Figures 5-6. In Figure 5

the two versions of the first ship are compared at fully loaded and
ballast conditions. The results shown were obtained with transducers
Nos 3 and 5 respectively, approximately corresponding to measuring
point A in model tests. The diagram shows faired mean values of the

peak to peak values 2p , obtained in the way shown in Figure 7, nor-
malised as

K
P

2p

T^2 2
p D n
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These results show the beneficial influence of the fins and it is

further evident that the amplitudes in ballast condition are larger than

in fully loaded condition.

In Figure 6 the two ship configurations having five-bladed

(first ship) and six-bladed (second ship) propellers are compared,
both being fitted with fins. The results were obtained for the trans-

ducers 4 and 2 respectively, which were placed at the bottom of the

fin, on the starboard side, close to the centerline of the ship. The
positions were slightly different for the two ships, as is shown in

Table II and Figure 2. The difference is, however, small enough to

allow direct comparison of the results.

The positions correspond approximately to measuring point D
in model scale. The diagram shows that the pressure fluctuations

measured on the two ships are very similar, in spite of the fact that

the first ship was equipped with a five-bladed and the second with a

six-bladed propeller. In fully loaded condition the six-bladed propel-

ler caused somewhat larger amplitudes than the five-bladed. (The

fact that only the second ship was fitted with bilge keels is not consi-

dered when making this comparison).

A sample record, obtained at the full scale measurements, is

shown in Figure 8.

Propeller cavitation

Some of the photographs taken during the trials with "Norse
King" were reproduced and discussed inL4j . In the present report

some sketches based on these photographs are given in Figures 14

and 17 together with the results of the measurements of the pressure
fluctuations and the corresponding cavitation patterns, obtained at the

model tests.

Noise Level in the Afterbody

The noise level in the afterbody of "Thor shammer" is of a

transient type, varying directly as the vibratory response in the struc-

ture of the ship and the recorded pressure fluctuations. This observa-

tion is valid for the ship with and without fins installed.

The noise level onboard "Norse King" is stable (mainly pulses

of short duration, occurence frequency equal to blade frequency) in

the higher speed range (70-85 RPM).
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Mean Thrust, Thrust Fluctuations and Shaft Response

Recordings of mean thrust are presented in QJ , [^3j and[^4~|

.

In Figure 9 results of calculations of the natural frequency in the
axial mode for the two ships are shown, assuming different values of
the thrust bearing stiffness. As shown in the Figure, the measured
natural frequencies for the two cases correspond to almost the same
value of the thrust bearing stiffness, indicating that recorded reso-
nances of shaft vibration in the axial mode are predicted with fairly-

good accuracy by a method now in use at DnV QsJ . The vibratory
output from the shaft through the thrust bearings is of mioderate ma-
gnitude for all ship - propeller configurations.

Propeller Blade Erosion

The results of erosion studies in full scale and model scale
were given in L4J and will not be discussed in the present report. It

should, however, be noted that the eroded areas were similar in model
and full scale. Regarding the relative merits of the different configu-
rations, the full scale, as well as the model tests, showed that the
area of erosion was not reduced essentially by the introduction of fins

on the first ship, but was eliminated by fitting the second ship with a
six-bladed propeller of new design. On the propeller of the first ship
the erosion was, however, less rapid after the introduction of fins.

V. MODEL TESTS

v. 1. Test Arrang ements and Facilities

Cavitation Tunnel

The cavitation tests were carried out in the new, large cavita-
tion tunnel of SSPA. This tunnel, see [6^ and Figure 10, is powered by
a 1 000 Hp motor and has two interchangeable test sections, one
being circular, as the remaining part of the circuit. The other test

section, which is of interest in this connection, is of rectangular shape
with a breadth of 2. 6 m , a height of 1.5 m and a length of about
10 m. The section is covered by a recess in which the ship model is

placed. This model is the one used in the towing tank for the self pro-
pulsion tests and it is normally made of paraffin wax.

The vertical position of the model is adjusted in such a way
that the waterline, corresponding to the level of the free water surface
in the towing tank, is flush with the top of the test section. Individual-
ly cut wooden plates are then fitted to simulate the free surface, and
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the test section and the recess are filled completely with water. Up to

now flat plates have been used and no attempts have been made to si-

mulate the wave system around the hull. The maximum water speed
is 6.8 m/sec. An electric motor and a strain gauge dynamometer for

measuring thrust and torque for the propeller are placed in a water-
tight cylinder in the model.

Measurement of Pressure Fluctuations on the Hull

For the measurements of the pressure fluctuations differential

transducers were used, being of the strain gauge type, manufactured
by Statham. The maximum range for the transducers, used at the

tests in the cavitation tunnel is - 25 psi, the natural frequency being

about 9 kHz. The diameter of the membrane is l/4" (6. 35 mm). One
end of the transducer was connected to the atmospheric pressure.

The signals were amplified and registered on an oscillographic

recorder, two channels being used for each transducer. One channel
was used for the original signals, on the other a filtered signal was
registered, the filter being tuned on the blade frequency. The natural

frequency of the galvanometers was 1 650 Hz (original signals) and
400 Hz (filtered signals). For obtaining higher harmonics a frequency
analyser (manufacturer Brtlel and Kjaer, type 2107) was used. The
range 63-2 000 Hz was used, the total sweeping time being 6 min
for this range. The band width is about 6% of the frequency registered.

No accelerometer was fitted to the model during the tests as,

at earlier measurements of a similar kind, carried out at SSPA, only

low levels of the accelerometer signals were obtained.

V. 2. Test Conditions in the Cavitation Tunnel

The first condition to be fulfilled in order to obtain reasonable

results with regard to cavitation patterns, erosion patterns and pres-
sure fluctuations is to accomplish a realistic wake distribution behind

the ship model in the cavitation tunnel. This problem was thoroughly

discussed inL4jand it will only be stated here that, if the wake dis-

tribution in the towing tank is used as that to be aimed at, the agree-
naent obtained in this case was very good, in particular in fully load-

ed condition, as is evident from Figure 11. Thus it has been demons-
trated at these tests that a representative wake distribution can be

realised without incorporating a free water surface. The comparison
was made by using ordinary Prandtl -tubes. Recently, when using

five-hole spherical pitot tubes on another, similar project, the same
degree of agreement was obtained also for the tangential velocities

and flow angles,
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For these kinds of tests it is further required to define the

loading cases for the propeller. In the present investigation two com-
binations of advance ratio J and cavitation number a were tested,

one corresponding to the values of J and effective wake w-p , obtained
from the propulsion tests in the towing tank, the other corresponding
to the predicted full scale values of J and w-pg . The prediction

method used for obtaining the latter values was discussed in [^4 J.

The desired combination of J and a was realised in the tun-

nel by using thrust identity with the open water tests.

Most of the tests in the tunnel were carried out at a water
speed of V = 4 m/s and an air content ratio of a /og ~ 0.4, but

in some cases these parameters were varied.

Non-Cavitating Flow :

V. 3. Test Results , Pressure Fluctuations in Non-Cavitating Flow,

Comparison with Theoretical Calculations

In Figure 12 the first harmonics of the pressure fluctuations

obtained for the model with fins, fitted with the six-bladed propeller,

are shown in fully loaded, as well as ballast condition. Amplitudes,
obtained in the following manner, are included in the diagram :

A) Measurements in the towing tank, model speed 1.2 - 1.5 m/sec.
Amplitudes registered on oscillographic recorder, original signals.

These curves give the mean values over the speed range 11-18 knots.

B) Measurements in the cavitation tunnel, water speed 4 m/sec.
J-value = J^owins tank • -^^^plitudes registered on oscillographic re-
corder, filtered signals. Measuring accuracy about the sarae as in

towing tank.

C) Theoretical calculations, carried out by SSPA. Wake influence

considered. Method of calculation described in [|7] .

D) Theoretical calculations, carried out by DnV. Wake influence

considered. Method of calculation described in [[8-9]] .

From the diagrami in Figure 1 2 it can be concluded that the

agreement between the measureraents in cavitation tunnel and towing
tank is reasonably good. Also the agreement between calculation and
experiment is satisfactory.

The influence of number of blades and fins on the pressure
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fluctuations in non-cavitating flow is demonstrated in connection with
the results in cavitating flow, see section 5. 6.

Cavitating Flow :

V.4. Measureinent of Pressure Fluctuations in Cavitation Tunnel .

Variation of Test Parameters, Wall Effects

Apart from the wake distribution the two most important test

parameters in the cavitation tunnel are water speed and air content.

Both parameters are known to affect the extent of the cavitation. With
regard to the air content a /a^ it is plausible that it naight affect the
damping of the water and thereby the level of the pressure fluctuations
registered by the transducers.

In order to investigate this influence, four different combina-
tions of water speed and air content (4 and 5 m/sec, ol /a = 0. 13 and
0. 40) were investigated for one propeller - hull configuration (six-

bladed propeller, model without fins). From the results, some of

which are given in Figure 13, it can be concluded that the influence of

these parameters on the amplitudes was considerable for the filtered

signals but rather small for the maximum values of the non-filtered
signals.

A problem, which should not be neglected in connection with
this kind of measurements, is that of wall effect. This has been dis-
cussed by Huse in [[lOj , from whonn we quote :

"The pressure signal recorded by the pressure transducers
may be split into two parts,

1) the "direct pressure wave" induced by propeller and
cavity, propagating directly to the field point (pressure
transducer), and

2) the reflected pressure wave induced by propeller and ca-
vity, propagating to the field point by one or more reflections

at the tunnel walls. "

On the basis of some approximate calculations Huse concludes
that for the combination of test section and propeller size used at his
experiments

"wall effects are of minor importance in the case of a non-
cavitating propeller and also in the case of cavities of constant
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volume during the propeller revolution. The pressure field due
to volume variation, however, is reflected from the tunnel

walls in such a way that the reflected annplitude may possibly

be of the same magnitude or even higher than the direct wave
amplitude."

In fact, for one of the field points investigated, the calculations

gave reflected amplitudes 4 times larger than those of the direct pres-
sure wave.

It could be expected that, in the much larger test section used
for the experiments reported here, the wall effects are of less impor-
tanc e

.

V. 5. Test Results, Comparison with Full Scale

In this paragraph some test results will be given, which illus-

trate the correlation obtained between the measurements of pressure
fluctuations in the tunnel under cavitating conditions and the corres-
ponding full scale results. Analogous problems in connection with ca-
vitation patterns and erosion patterns were discussed in [^43 .

In
(_4J it was shown that the erosion patterns as well as the ca-

vitation patterns in fully loaded condition agreed very well in model
and full scale. In ballast condition, however, the extension of the ca-
vitation, as observed in the cavitation tunnel, was somewhat smaller
than in full scale. Some of these comparisons are shown in Figures 14

and 17 in connection with the comparisons of the pressure fluctuations.

Pressure fluctuations, measured in model scale and full scale,

are compared in Figures 14-17. In all the diagrams the following kinds
of results are given in non-dimensional form :

A) Model tests, filtered signals, mean values over about 10-20 revs.

B) Model tests, signals obtained without filters, max values during
10-20 revs.

C) Full scale results, max values obtained as shown in Figure 7. This
kind of curve should correspond to results according to B for the

model. (For the case shown in Figure 16 this kind of value was not

available. )

D) Full scale results, mean values obtained as shown in Figure 7.
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In Figures 14, 15 and 17 some values of the following kind are
also shown :

E) Full scale results, mean values of the first harmonic of blade
frequency, obtained from the energy spectrum (with the use of UV
recorders, D-Mac curve follower, paper tape and a computer pro-
gram, estimating the energy spectrunn of stationary stochastic pro-
cesses, see [|29j .

These results correspond approximately to results of type A
from the model tests.

In Figures 14 and 17 also the cavitation patterns obtained in

full scale and model scale are shown. The full scale patterns were
obtained from photographs taken in connection with the speed trials,

the model patterns were sketched directly when observing the cavi-

tation in the tunnel, the position angle for the blade being 20° from
upright position for the sketches in Figure 14 and 25" for Figure 17..

From Figures 14-16 it is evident that, in fully loaded condi-

tion, the agreement between the pressure fluctuations in model and
full scale is reasonably good. This applies to the non-filtered signals

as well as to the few cases where a conaparison was made for the fil-

tered signals. In ballast condition, however, the amplitudes were lower
during the model tests, which seems to be due to the fact that the ex-

tension of the cavitation was smaller on the model propeller in this

case. When the propeller was run at a lower J (j and a correspond-
ing to self propulsion tests in the towing tank) the level of the unfil-

tered signals increased, however, to values reasonably close to those

measured in full scale.

V. 6. Test Results. Comparison between Different Propeller -Hull

Configurations

In Figures 18-20 the four different configurations are com-
pared in the fully loaded condition. In the diagrams the amplitudes
for the measuring point B are shown for three combinations of ad-
vance ratio J and cavitation number <t which correspond to three

different speeds for the full scale ship. In Figure 20 the cavitation

patterns in the blade position 20° from upright are also shown. More
detailed cavitation patterns for the propellers in different blade posi-

tions are shown in Figures 22-23 for the speed 16 knots.

In Figure 18 the mean values of the filtered signals are given,

in Figure 19 the corresponding maximum values. Further the diagram
in Figure 20 shows the maximum values of the non-filtered signals.
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Examples of different kinds of signals are shown in Figure 21 for some
of the runs (results from the frequency analyser are also included).

In Figure 18 the results obtained at atmospheric pressure cor-
respond closely to non-cavitating conditions, although limited cavita-

tion was present at some configurations. The diagram shows that,

under non-cavitating conditions, the difference between the amplitudes
for the different hull -propeller configurations is small.

The diagram in Figure 18 further shows that, if the filtered

signals are taken as representative (they should correspond approxi-

mately to the first harmonic), the influence of cavitation on the ampli-
tudes of the signals of the five-bladed propeller is very small and in-

dependent of the model being fitted with fins or not. Especially in the

case of the model without fins the difference between the amplitudes
of the five -and six-bladed propeller in cavitating condition is ap-

preciable, in spite of the fact that the cavitation patterns are very si-

milar, see Figures 22-23. This situation is not changed very much if,

instead, the maximum values of the filtered signals are compared.

If, however, the maximum amplitudes, obtained without filter,

are compared, a more reasonable relation is obtained between the

different configurations, see Figure 20. This diagram shows the bene-
ficial influence of the fins for the five-bladed as well as the six-bladed

propeller, which has been confirmed in full scale, both by vibration

measurements and measurements of pressure fluctuations. Both with

and without fins the five -blades propeller is better that the six-bladed,

in agreement with the tendency of the corresponding full scale mea-
surements. According to the vibration measurements in full scale the

two propellers should, however, be roughly equal.

The amplification of the signals, caused by cavitation, is appre-

ciably higher for the six-bladed than for the five-bladed propeller.

The same tendency, although less pronounced, was found at systema-
tic tests carried out at Wageningen, using a dunnmy model Q IJ . The
maximum amplification factors found at the present tests were 4

(filtered signals) and 17 (max non-filtered/filtered without cavitation).

Apart from being observed from the non-filtered signals, the

difference between the five- and the six-bladed propeller can be seen
in the diagrams obtained from the frequency analyser, see Figure 21.

It is evident that the content of higher harnaonics is larger for the

five-bladed than for the six-bladed propeller. Results of comparisons
of higher harmonics have not been included here as, in several cases,

it was difficult to determine the amplitudes with reasonable accuracy.
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From the diagrams in Figures 22 and 23 it is evident that the

maximum extent of cavitation in different blade positions is rather

similar for the different hull -propeller configurations.

The main difference between the cavitation patterns for the

five- and six-bladed propellers seems to be that, for the five-bladed

propeller, the extension of the cavitation was more fluctuating with

time than for the six-bladed. This may be one explanation of the fact

that the high pressure pulses from the five-bladed propeller were of

such a short duration that they were not manifested on the registra-

tions of the filtered signals. It should also be mentioned that rather

small band widths were used when filtering the signals.

The extension of the cavitation was rather similar, whether
the model was fitted with fins or not. In spite of this a beneficial in-

fluence of the fins could be noted on the amplitudes of the pressure
fluctuations.

A type of cavitation, which is regarded as important in connec-

tion with fluctuating pressures on the hull, is the so called propeller -

hull - vortex cavitation [^lOj. This type of cavitation was observed fre-

quently during the tests, but to about the same extent for the two pro-

pellers. This kind of cavitation was probably present during the full

scale trials with the first ship, see Ll2j , but could not be observed on
the second ship, when making visual observations in connection with

the photographing of cavitation.

VI. CAVITATION PATTERNS AND PRESSURE FLUCTUATIONS,
THEORETICAL CALCULATIONS AND COMPARISON WITH
EXPERIMENTS

VI. 1. Calculation of Circulation Distributions

Proper results for hydrodynamic loading particulars require

the solution of a complicated lifting surface problem. With boundary
layer aspects included, the downwash surface integral equation for a

twisted wing of finite span should ideally be completely solved.

The innportance of obtaining a reliable method for prediction

of external loading was strongly emphasized by various authorities

some years ago. Research was then initiated in Scandinavia to meet
this deraand along the following lines of approach : A method of cal-

culation was desired, which should be able to reproduce open water

diagrams within experimental accuracy for all relevant values of J .

By combining unsteady effects, effects of curved flow and interaction

with the inlet wake field one should then be able to simulate experi-
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mental results from tests in grid wakes, as well as in the actual be-
hind conditions. Two parallel methods of approach have been out-

lined :

1. Unsteady lifting line technique

2. Unsteady lifting surface technique

The steady part of l,i.ei study of open water performance has
been completed [_13, 27j . For 14 propellers tested the method des-
cribed in l_13j reproduced recorded open water characteristics within

experimental accuracy for all values of advance ratio. The method
employs results from an experimental study of pressure distribution

across a propeller surface [l4jas the basic empirical "tool" for

obtaining a realistic lift distribution along a lifting line.

Preliminary results from use of 2(unsteady lifting surface

theory) for open water work indicate that the method works poorly

for off design cases (low advance ratios) flS"].

Combined with effects indicated above, the lifting line tech-

nique in use at DnV has been advanced to a stage where it has been
possible to reproduce the experimental results in behind condition for

the relatively few experimental results available. In Figure 24 is

shown how both the lifting line and lifting surface technique may work
poorly, when interaction between propeller and hull wake field is not

considered. The propeller model in question works behind a 220 000
TDW tanker. Clearly, our method of approach, which includes in-

teraction corrections, based on simple continuity of flow, reproduces
the experiments "within experimental accuracy" [_1 6j .

Local advance ratios, as may be experienced in the tip region
of the blade when passing a wake peak, will lead to a significantly non-
linear Ct - a relationship. This effect has been approximated by
use of results of experiments for low aspect ratio wings described in

Ql7j and [is] .

To decrease the risk for a "happy coincidence to occur" we
have performed other comparisons with experiments. Thus in Fig. 25

results from a one -blade dynamometer test are compared with cal-

culated values, obtained by using our approach ; the calculations

being based on the nominal wake field and the detailed propeller geo-
metry. As far as we understand, the practical implications of the ob-
servations given above, are the following :

1. The wake survey should be performed in the propeller plane of the
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towed model - from the shaft CLto at least 1. 3 x R (R = propeller
radius).

2. It is important to include both the axial and tangential wake field

in the analysis.

3. It is possibly necessary to extend the lifting surface theory to in-

clude non-linearity and effects of interaction with nearby boundaries.

The research now initiated will continue in the 1972-1974 pe-
riod.

VI. 2. Calculation of Radial and Chordwise Pressure Distributions

The corresponding detailed pressure distributions are then
found, applying a method presented in ^Mjand [_19j and briefly outlined

in Appendix A. In Figures 26 and 27 detailed pressure distributions

calculated in accordance with the said appendix are shown to correlate

well with H^iby's experiments (see [14^ , Figure 21, J = 0. 1068).

VI. 3. Calculation of Cavity Formation

For the ships considered in this report, the pressure distri-

butions for the propeller blades in upwards vertical position {^ - 0)

and corresponding extent of cavitation are given as follows :

Figure 28 illustrates the calculated extent of cavitation on the

full scale propeller mounted onboard T/T "Thorshammer" with ob-
served erosion on the blades included. In|_4j it is concluded that mo-
del and full scale erosion patterns are similar (Figures 31-32- cor-
responding pressure distribution - calculated). Figure 29 gives the

observed versus calculated amount of cavitation in loaded condition

onboard T/T "Norse King". Figure 30 illustrates a similar compa-
rison in the ballasted condition for RPM = 66, Vg = 12. 5 knots. More
interesting are the theoretical/full scale correlation and the tehoreti-

cal/model correlation presented in Figures 33 and 34 respectively.

(Figures 35-36- corresponding pressure distribution). Assuming no

scale effect on the cavitation tunnel wake field, we observe that the

calculated difference in radial variation of the dynamic pressure re-

lative to the static pressure is actually experienced by visual cavita-

tion observations. Some difficulties reported with exact simulation of

velocity, number of revs and tunnel pressure may also explain some
of the discrepancies between model and full scale observations.

Details connected with determination of type and extent of ca-

vitation are described in |^19j and briefly outlined in Appendix B.
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Applying symmetrical hysteresis effect, (although non- symmetrical in

the tip region) and assuming that time dependent factors, such as

inertia and duration of transient pressure, do not influence the onset

of cavitation, a simple "maximum bubble radius" concept has been
used to establish the extent of cavitation. Further, it has been assxim-
ed that the degree of turbulence of the inlet flow is so large that no

laminar separation occurs. Also when ignoring effects of sudden
charges of angle of incidence and several other effects, we find that,

for several cases considered, the quality of the results obtained,

when operating in behind condition, is satisfactory for engineering

purposes [19] .

The thickness of the sheet of cavities at 0. 95 r/R is found

by estimating the height of the tip vortex, as described in [_18j . The
radial thickness distribution is then found by linear interpolation, as

the radial inception point is already determined. The method is briefly

outlined in Appendix B.

VI. 4, Calculation of Pressure Fluctuations on the Hull

Finally, in this section we will illustrate how simple mathe-
matical models may be used in this case to approximate the compli-
cated transfer function, giving rise to a fluctuating hull pressure
field, during the formation of unstable cavities.

The acceleration potential caused by the cavity formation may
be found by solution of the Volterra integral equation, if the forma-
tion be accurately represented at any time during growth and collapse.

The vapour/liquid mixture representing a pulsating volume cannot be

said to constitute a surface of known shape. Consequently, an ideal

mathematical model of moderate complexity should be ennployed,

together with empirical corrections found by experiments.

The mathematical model now in use at DnV QzoJ is described
in some detail in Appendix C. The cavitation patterns observed on-
board T/T 'Norse King", simulated as shown in Figures 37 and 38,

have been used to obtain the results, presented in Figure 39. Clearly,

the calculated values for blade frequency pressures on the hull clo-

sely resemble full scale values recorded. Also twice blade frequency
components, as calculated, correspond approxiinately with values
recorded, see Figure 40.

VII. SUMMARY AND CONCLUSIONS

The most important conclusions to be drawn from the results

of the present investigation can be summarised as follows :
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1. From the vibration measurements in full scale it can be concluded
that the introduction of afterbody fins lowered the level of the blade
frequency hull vibrations. No further improvement seems to have
been achieved by replacing the original five-bladed propeller on the

first ship by a six-bladed propeller of different design on the second
ship. For all configurations the amplitudes were somewhat larger in

ballast than in fully loaded condition.

2. The conclusions drawn above were confirmed in general by the

results of the measurements of hull pressure fluctuations in different

points of the stern, made simultaneously with the vibration measure-
ments. In fully loaded condition the amplitudes of the pressure fluc-

tuations were, however, larger for the six-bladed than for the five-

bladed propeller over most of the speed range, the vibration levels

being about the same, as mentioned above.

3. Under non-cavitating conditions reasonable agreement was obtain-

ed between cavitation tunnel, towing tank and theoretical calculations

for the amplitudes of the blade frequency harmonic of the pressure
fluctuations. The pressure fluctuations obtained were similar for the

different hull -propeller configurations.

4. The amplitudes of thepressure fluctuations in full scale and those

obtained in the cavitation tunnel under cavitating conditions showed
reasonably good agreement. This applies to the maximum peak to

peak values, as well as the first harmonic for the fully loaded condi-
tion. In the ballast condition the amplitudes were smaller in model
scale.

When judging the relative merits of the five- and six-bladed

propellers from the vibration point of view on the basis of pressure
fluctuations, measured in the cavitation tunnel under cavitating con-
ditions, the results have to be analysed very carefully. Thus, in the

present case, a relation between the different hull -propeller configu-

rations, agreeing with the tendency of the full scale experiences, was
obtained only when the maximiim peak to peak values were used for

comparison. Apparently, the pressure signals, recorded for the five-

bladed propeller, w^ere of pulse nature with rather unstable phase
shifting. Consequently they did not affect the levels of the filtered

signals, obtained in non-cavitating flow.

In the cases considered the amplification of the amplitudes of

the pressure fluctuations, caused by cavitation, was larger for the

six-bladed than the five-bladed propeller. Results reported in Q Ij

show the same tendency.
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5. The type and extension of the cavitation, as observed on the full

scale ship (six-bladed propeller) and in the cavitation tunnel, are rea-

sonably similar for the fully loaded condition. In the ballast condition,

however, cavitation is more extensive on the ship than on the model
propeller.

6. The observed type and extent of cavitation were confirmed with

reasonable accuracy by the calculations illustrated in the present
paper.

7. The pressure iinpulses of both blade and twice blade frequency,

recorded onboard the ship, correlated well with those calculated with

the use of the method developed for the calculation of pressure fluc-

tuations froin cavitating propellers.
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LIST OF SYMBOLS

A /a = developed blade area ratio

/ 1 2
C = dL/— PC db V = lift coefficient
L til

1 2
C = (p-p )/~:r P^ = pressure coefficient
p o 2

c = blade chord

D = propeller diameter

dL = lift of profile
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J = V. /nD = advance ratio for propeller

2 2K = 2p/p D n = non-dirriensional coefficient for blade
P

T

:/a.

frequency amplitude

/ 4 2K = T/pD n = thrust coefficient

k^ = correction factor for ideal angle of incidence, due to

lifting surface effect

k = correction factor for angle of incidence, due to thick-

ness effect

n = number of revolutions

P = propeller pitch

p = static pressure

p = static pressure in undisturbed flow
o ^

p = cavitation pressure

p = vapor pressure

r = radius of propeller blade section

T = thrust

t = maximum thickness of profile

V = advance velocity of propeller

V = ship speed

w = local wake

w = effective wake from thrust identity

non-dimensional chordwise coordinate, measured
from leading edge

number of blades

air content
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- density of water

1 2
= (p - p )/~T P^ ts,

- cavitation number for propeller
V iL A
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APPENDIX A

CHORDWISE PRESSURE DISTRIBUTION, METHOD OF CALCULA-
TION

From [_I4j and [l9 J we have for the contributions to the induced
velocities :

1 . Velocity distribution due to blade thickness distribution .

Au^(x, z)

U
NO

s(2)

.. (s(^^(x) -M^. f(fi) . -^^ ) . cos{;.^n)

^ (x)

^ (x)

(1)

S^^) (X) 1 +
(x) (x)_

_ COS (1 -Mrj,)fi

S(^'fx)
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V2 2 2

U ' ^ T' A R

2. Angle of incidence

Au (x, z) 1 , n S^^^
,-^ = i ^^ . (if) . (1 .^^^^) (2)

zO S"" '
.

""
cos(l-M^)^

(x) ^ "^t'

U ^ = U^. sina. cos 7zO

1

5(2)
(x) = -i TMe!) _

2z(x') dx'

""
Q

^' l-(l-2x')^ x-x-

7 = rake angle

an. cosfiMrp "^ ^/^

2
I

1 +(-^ ^)
\

ttA

3. Mean Line Camber

Au^(x, z) 7^(x) /i^.tanfi dz (x)

+
U^ 2U 2 2 * dx 2 2

NO 1 +Mrp .tan fi 1 + M^ .tan fi

(1 -xQ- (3)

X

/. Q dx' 1 - x' x-x'

2 2
„ , 1 M rr, • tan fi - 19=1- -^r— . arccos '^ T

2 TT

2 2
)u „ . tan fi + 1

T

4. Thickness of the Other Blades

The cascade effects are obtained as shown by 0. Hjz^iby U4j , Scholz

[21], Schlichting [22^ and Pollard and Wordsworth [23] .
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u^ (x) k^ V d^. (^')/dz \x.')

L, R{,^^ . s , X' )dx'
U s -1 dx
NO

u = chordwise induced velocity
c

D . TT . r'

(4)

Z . chord

= 0. 825 r + 0. 105

dC.

K = A'T
2

TT S

da

,
Z/2 (^^^) +11" .cos 2 jz(

4 2
n=l /X-x\ ,42 / /

X-x\
( ) + n + 2 n . cos2 p (

)

^ = 7r/2 -lA

^ = pitch angle

5. Bound Vortices on Other Blades.

Up(x)

u
NO
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dC C

a +a.
e 1 1

C.

. -^ + (2n-l) (^ -/3) - C {{ - ^) -f^ dx (6)

where C ', j3. and /3 are obtained from lifting line calculations
L 1

cos Mrp fi 2 n

1 - 7rn(cot7rn - cotTrn )

1 / fi ^

n
o

a =0. 9(1 + 0.8—) .Ztt
o c

1 Z

^^ =^'f ^ v'(x) . r(p.z) . dp

NO NO '^'r^ k=Z
b

Vc (x)

"no
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dC dC
a = (i/'- /3 + a )

— /-- -a - {a - a )

o da da o i3 i2

a = effective angle of incidence, corrected for lifting surface

effects

o;. „ = «.^ . k + k . —

—

i3 i2 a t D

where k and k are found from lifting surface theory |_24j

From Ll4jwe quote :

" For a swept wing Weber [_30j has shown that a flow parallel to the

span must be added, so that the total pressure distribution is given

as :

C (x) = 1 - \-^rz j - COS a sm \l

V^ (x) = U^ + Au (x) + Au (x) + Au (x) + u (x) + u (x)
Li t a c c p

APPENDIX B

CAVITY FORMATION, METHOD OF CALCULATION

1 . Extent of Cavitation

When the detailed blade pressure distribution is known, the

amount of cavitation may be determined, see [26, 27j

=^2 =^3

* = k

==1 ^2
I ^^<^ (')

where

X = the point at which the local pressure falls below the cavi-

tation pressure p ~ p
c vapor

x^ = the point at which the local pressure has increased and
reached the cavitation pressure
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T = the time when p, , < P
1 local — cav

p = local pressure

dp = p _ p^ cav

T and x are found by an iteration process

X, + x^ = extent of cavitation
1 3

For symmetrical hysteresis k is equal to unity. In the tip

region the hysteresis will be non-syrametrical and the factor k is

below unity. The radial distribution of k is found from propeller ca-

vitation tests in homogeneous flow, see [_26j .

2. Thickness

The diameter of the tip vortex obtained when separation takes

place at the tip may be determined by the expression

Ji_ ^ s_ T 1

b ~ 2 • C ' A (2)

where

h = diameter of the tip vortex

b = blade length

a =
iz(

- /?

^ = pitch

/3
= advance angle

C = blade section length at 0. 95 R

C = mean blade section length

A = aspect ratio

a = angle of incidence for separation at tip (relative to/3).

Based on experiments in [l7j a = 8° in this report

The pressure in the centre of the vortex :
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8. y
p = pressure at the radial section close to the boundary of the

vortex

r = —-—ti
^ dr free vortex strength

b or

r,, = bound circulation

Two cases A and B must be considered :

A. P < P— o ~ cav

The maximum cavitation thickness will be equal to the tip

vortex diameter. The radial thickness distribution is found from ob-
served shapes of thickness along the radius terminating at the radial

inception point (calculated or observed).

B. P > P > P— o ^cav c

The diameter of the cavitating tip vortex is found from the

pressure distribution across the tip vortex radius assuming symmetri'
cal hysteresis as outlined in point 1 above.

APPENDIX C

PRESSURE FLUCTUATIONS ON THE HULL, METHOD OF CALCULA-
TION

The velocity potential caused by a pulsating cavity may be
found by solution of the Volterra equation if the cavity formation be ac-

curately represented at any time during growth and collapse. The
vapour/liquid mixture representing a pulsating volume cannot be said

to constitute a surface of known shape. Consequently, an ideal mathe-
matical model of moderate complexity should be employed together

with empirical functions found by experiments.

The net velocity potential ^ at any field point (x , y ,, z )

caused by the small volume source Ar Ax Ar :
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4 IT ^ = -—
^ A U . U .

—-— ArAx+— Ax Ar + —t" ^- ^^
d dt d dr d dx

1 ^^ A A 1 ^X ^ A 1 ^I- A A+ —r-r— Ax Ar +—-—— Ar At +—- -t— AxAt
d dt d at d at

Ar

(1)

where

d

At

A X

A r

t

U
T ,x, r

= distance between volume source and field point

= thickness of volume

= length of volvime along helix

= length of volume along radius

= time

= velocity of advance of volume source

The first part of the right hand side of the equation is due to

the motion of cavities and derivatives of t , x and r with respect
to time are zero. The last part is due to volume variation of cavities.

For unsteady, irrotational flow the fluctuating pressure p
field at a field point :

P
sp at i"^

a^
at

where

P

s

U

4 TT p _

sp

= density of fluid

= solid boundary factor [lOJ

= velocity at the field point, negligible at the hull surface

Assuming U = U =0 and combining eqs. (l) and (2) :

2 ^

at ^d' ax x at ^d^ at d at^
Ax Ar

[at M^ at d
Ar At +

I. ar 1 a
2 -,

at M^ at ^ daT^
Ax At

+ -^lil^A^ + 2 ^T^r ^ 2 ax ar .

d at a t d at at d at at (3)
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^ = (Xf - x^)^ + (y^ - y^)^ + (z^ - z^)^ (4)

where

X ,y ,z = coordinate of volume source
o o o

—
(-|) = -^^ [

(x^ - x^) sin fi - (y^ - y^) cos |Z^ ] = e (5)

where

n = RPS

^ = angular position of volume source

U ~ 2 TT rn/cos /3

X

where /3 = geometric pitch angle

We assume that the cavity formation at time t displaces a

volume of liquid bound by the helicoidal blade surface and the plane
P parallel to the shaft (Z -axis) (Figure 41).

In accordance with Figure 42 the thickness distribution in

the x-direction :

r( x, r, t ) = t( r, t ) . f(x) (6)

Admittingly, the proposed distribution has been designed to

suit mathematical interpretation of the extremely complex "shape"
of the vapour/liquid formation.

The chordwise extent of the volume at any time when perio-
dicity may be assumed a valid assumption :

x = X + /J X sin
t o mi

m=l

4 TT n mt

t o

+ (7)m

w^here

6 = phase angle

n = RPS
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m = harmonic order

^ = angular position for collapse of cavitation

^ = angular position for inception of cavitation

/ \ 2 2
Dividing equation (3) by n D and making use of derived

quantities in given eqs. :

P 2 2
p n D

= E
1

r X
,t ^t

J J l^dxdr+J (l2T+I^)dr
r. o
1

t max
+ / (I^ y + I_) dx + I/ 6 max

where

t max
max. length of cavity along radius

T = max. thickness of cavity along radiusmax ' °

z = number of propeller blades

If we assume that f = 1 in equation (6)

(8)

I/K = uf'e T + e T + —
1 X d

I /K = e i + 4-
d. a

I3/K = e r + -i

1 ..

I5/K =

X

u f 7r „
X 2 . .

d d T

^e/^ -i ^ ^

(9)

(10)

(11)

(12)

(13)

(14)

The expressions for some of the variables in the above equa^
tions are finally listed :
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. 2 2 00

T= -
( / ^ 7 ) L ^^ sina(l5)

^t o rn=l

2 Z 00 y

--( 4V^ E m^x^sina (16)

^t o m=l

2 7r(fZ^ - {z( )m
a - ; 7 +

A = aspect ratio of the cavitating body

k = reduced frequency

S
2 2

4 TT n D
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\2i
Model tests

(^ Full Scole.'Thorshommer" 5 b( without fins

/\ • •• " ' with ••

r~l •• " "Norse King" 6 bl with fins

FrO FrlM

Figure 2 Positions of transducers for measuring pressure fluctua-

tions on the model and full scale ship. For exact positions

of transducers in full scale, see Table II. In model tests

all transducers in centerline of model
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O First ship ;7horshomm«f" 6 W. without fin*

O-— .. .. " •• with

Stooni »hip ;>»»«« King"6bl

Meos. point D1 D2 D3

Direct, of vibr. V L Tr

D1 D2 D3 D6 05 06

V L Tr V V V

Figure 3 Vibration levels in deck house. For positions of pickups,

see Figure 1. Numbers indicate approximate number of

revs per min.
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Ampl
mm
0.6

0.5

0./;

0.3

02

0.1

-^— First Ship"Thorshammer"5bl. without fins

-—Second ShipjMorse King"6bl.with fins

65 BALLAST

8/.

.^-.~

78o
/

/

FULLY LOADED

N^AO

Meas. point V2 V2 VA VA V5 V5 V2 NU V5 VI V3 V6 V6

Figure 4 Vibration levels in wing tank No 5, SB. For positions of

pickups, see Figure 1. Numbers indicate approximate
number of revs per min.
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5-bladed propeller

with fins

without fins

70 90
Number of rcvs/min

Figure 5 Pressure fluctuations in full scale. "Thorshammer" (first

ship) with and without fins. Transducers 3 and 5 rasp
(measuring point A, see Table II and Figure 2)
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6-bladed propeller

5-bladed propeller

90
Number of revsAnin

Figure 6 Pressure fluctuations in full scale. First and second ship

(5- and 6-bladed propeller) with flns. Transducers 4 and 2

resp (measuring point D, see Table II and Figure 2).

K -values based on diaineter of 6-bladed propeller
p
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70 90
Number of revs/min

Figure 7 Pressure fluctuations in full scale. "Norse King" (with fins,

6-bladed propeller). Measuring pointD. Ballast condition
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T/T "NORSE KING"
BALLAST

RPM = 854
VS = 17.6 knots

RECORD FROM SHIP MEASUREMENTS, CELL 2 (D)

ENERGY SPECTRUM
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NATURAL FREQUENCIES, AXIAL VIBRATIONS

^ ^ T/T "THORSHAMMER," CALCULATED

THRUST VARIATION OF 10th AND 15th ORDER: ± 22 MET. TONS

Q Q T/T "NORSE KING," CALCULATED

THRUST VARIATION OF 6th ORDER: ± 20 MET. TONS

1100

•5 TTT

2 3 4

THRUST BEARING STIFFNESS lO'^ K^ (kp/cm)

Figure 9 Axial mode of shaft vibration. Natural frequency of actual

vibrations
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/5.3

^^^^^JT^
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-'-J !•! I I I I r

j2i

-/

|>.rl>.
I ,.1^. I <3

i.

SS^

i-i
' ' 1

-
1

iq I as* 3 meter

Figure 10 SSPA Cavitation Tunnel No 2. Large test section in place
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Mcon dispersion

Cov tunnel V«4 m/s
Towing tonk V-12-Um/s
Colcutotions^SSPA

,DNV

BCD
Measuring point No.

Figure 12 Pressure fluctuations in model scale. Non-cavitating
flow. Model with fins, 6-bladed propeller
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15
I

17
I
22,24

I

i\

V.tm/s. g/q^tOV. »

V.tm/t , a/aa.13V.

—

V»Sm/s.C(/a,»^*/.

\ .^M ^4

y.Sm^ .oAis'iav.

Figure 13 Pressure fluctuations in model scale. Influence of water

speed and air content
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FULL SCALE
Clr/m 56r/m 66r/m 75r/m 8^ r/m

CAVITATION TUNNEL J =0.^57

a=35 26 20 16

0.2

0.1

Scfiiejsesii

-^^^^^U^g^

55 65 75 85 95
Number of revs/min

Figure 14 Pressure fluctuations and cavitation patterns in model
and full scale. "Norse King (with fins, 6-bladed propeller).

Measuring point B, fully loaded condition
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85 95

Number of revs/ mi

n

Figure 15 Pressure fluctuations in model and full scale. "Norse
King" (with fins, 6-bladed propeller). Measuring point D,

fully loaded condition.
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80 100

Number of revs/min

Figure 16 Pressure fluctuations in model and full scale. "Thorshammer"
without fins (5-bladed propeller). Measuring point A.

Fully loaded condition
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FULL SCALE
4Ar/m 59r/m 68r/m 78r/m 85r/m

cr=A5
CAVITATION TUNNEL J=0.A37
26 19 12

CAVITATION TUNNEL J = 0.379
a= 3^ 25 16

02

Kp
model

B— model, lower J

A full scale

50

M
70 90

Number of revs/min

Figure 17 Pressure fluctuations and cavitation patterns in model and
full scale. "Norse King" (with fins, 6-bladed propeller).
Measuring point B. Ballast condition
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0.0A

No. of blades 6
Fins Yes

Figure 18 Pressure fluctuations in cavitation tunnel. Different hull

propeller configurations. Measuring point B. Filtered
signals, mean values
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Q05

Q04

O—~ Vj = 10 knots (atm press.)

_.^._ Vs= 14"

D V^ = 16 "

J

Q03

0D2

OJ01

No. of blades 5
Fins Yes

5
Yes

5
No

6
No

Figure 19 Pressure fluctuations in cavitation tunnel. Different hull

propeller configurations. Measuring point B. Filtered
signals, maximum values
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V^sK) knots

V«eU knots

.YJ1_''0 knotej^Jiltered, mean

No. of blades 6 5 5 6

Fins Yes Yes No No

Figure 20 Pressure fluctuations in cavitation tunnel. Different hull -

propeller configurations. Measuring point B. Non-filtered
signals, maximum values
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MOOEL WITH FINS 6-BLAOEO PROPELLEK

V,' 10 KNOTS

osaaooium no flier

/^^*^\v^^rt^/''•^/^V.••HV'^•<'

«0

jlOO kp/mJ

CSOUOOKAPH HJBt
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340* 10* 20' 30* Ui'
I

180*
i

Model with fins, 6-blad«d propeller

/

y \

Model with fins, 5-bladed propeller

Model ^without fins, 5-bladed propeller

/

Model without fins,6-bladed propeller

Figure 22 Tests in cavitation tunnel. Cavitation patterns in different

blade positions. Different hull - propeller configurations.
Fully loaded condition, 16 knots
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Tip vortex ^ attached to the blade, continuous

Tip vortex, following the blade, often intermittent
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X
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C^^iHAQ" VAf^ OF 3^:^iDING MOME NT. ABM, ABOUT PITCHLIME AT 0.219R

200 2iO 280 320 380
POSITIOW ANGLE (J p (deg;

Figure 24 Variation of bending moment on a tanker propeller in a

wake. Experiments and calculations
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OBSERVED EXTENT OF CAVITATION

ESTIMATED n

T/T "THORSHAMMER"

OBSERVED
FULL SCALE
EROSION

Figure 28 Calculated propeller cavitation

Ballast condition

RPM = 86, Vg = 18. Ikts, Z = 5, ^2^ =

T/T " NORSE KING"

<)=ANGULAR POSITION

Figure 29

Loaded condition

full scale, 230 000 t. dw
RPM 84. 5, Vg = 16. Ikts,

Z = 5, p - 0°

Figure 30

Ballast condition

full scale, 230 000 t. dw
RPM = 66, Vg = 12. 5kts,

Z = 6, = 0°
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Cp

- 1.0-
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T/T " NORSE KING-

OBSERVED EXTENT OF CAVITATION
ESTIMATED —II— -*-

II

Figure 33 Full scale, ballast condition

RPM = 85.4 , V = 17.8 kts , Z = 6 , j2( =

Figure 34 Model, ballast condition corresponding to full scale

RPM = 85.4 , V = 17.8 kts ; Z = 6 , = 0°
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Cp

•1.0 -

0.5-

T/T "NORSE KING'

^Pmin,

CPMIN.

FULL SCALE

MODEL

05 r/R 1.0

Figure 35 Radial distribution of minimum local pressure versus
cavitation pressure (^ = 0°) corresponding to Figure 33-34
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Johnsson - S/ntvedt

T/T " NORSE KING"

LOADED CONDITION

RPM «84 , Vss IG.Ikts

THICKNESS



Fvopeller Excitation and Response of 230000 TDW Tankers

CALCULATED PRESSURE COEFFICIENT VIZ.

FULL SCALE EXPERIMENTS, BLADE FREQUENCY

in "NORSE KING"

CELL

BALLAST

HON CAV. OOlSil

NON CAV. 0.01933

CELL 5

BALLA

NON CAV. 0.0 21

NON CAV. 0.022

Figure 39 Calculated pressure coefficients. Full scale, blade
frequency
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CALCULATED PRESSURE COEFFICIENT VIZ.

FULL SCALE EXPERIMENTS, TWICE BLADE FREQUENCY

T/T 'nORSE KING*

CELL

BauLAST

NON CAV. 000309

LOADED

MEASVmEO_
Cp. 0X395

NON CAV. 0.0033

CAV. a017Z

CELL

BALLAST

ME A SURlO__CPJLH2i.

tHE0RETlCALCP_l££2.

CAV. 0.029i
=3 NON CAV. 0.00223

LOADED

THEORETICAL^' 0165

•^NON CAV. 000228
CAV. 0.0U3

Figure 40 Calculated pressure coefficients. Full scale, twice blade

frequency
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Figure 41 Geometry of cavity, assumed at calculations
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CR PROFILE

L. e.

TYPE 1 : TURBULENT SEPARATION
FORMING CLOUD ON
EQUIVALENT PROFILE

CR CAV.

I.e.

TURBULENT SEPARATION

FROM PROPELLER
CAVITY PROFILE

CAVITY VOLUME
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DISCUSSION

William B. Morgan
Naval Ship Research and Development Center

Bethesda^ Maryland^ U.S.A.

The paper presents very interesting comparisons between mo-
del and full-scale pressure measurements. The agreements are rea-
sonable, which is no doubt due to the carefulness with which the ex-

periments were carried out. One would not expect much better agree-
ment because of the relative sizes and locations of the transducers
and the influence of ship motions on these pressures.

I was a bit confused by the discussion in the paper concerning
the model mean pressures. It appears that the model mean pressures
were not in quite as good an agreement with full scale values as the

maximum amplitude of the pressures were, but when I read the paper
more carefully I found that this was probably the way the data were
analyzed. I would like to know whether or not the poor comparison is

due to the way the data were analyzed.

In Section 6 the authors discuss the theoretical calculations

and comparisons between theory and experiment, I find this discus-
sion very confusing. The comparison between lifting line and lifting

surface theory shown in Figure 24 is completely contrary to our ex-

perience. We have had generally very good experience with lifting sur-

face theory and not too good with lifting line theory, when the propeller

does not influence the wake. I would think that the comparison you
have made merely indicates the inadequacy of your lifting surface cal-

culations, not of lifting surface theory in general.

The observation that for this type of ship the propeller influ-

ences the wake is a very important one, I believe. However, from the

description in the paper,- I do not understand how you corrected the

wake. Was this an unsteady correction ? If it was not, I do not under-
stand why you got an increase in amplitude. If it was, I do not under-
stand how you could make the correction by simple momentum theory.

Also, I do not understand your comment about extending the

lifting surface theory to include non-linearity and effects of inter-

action with nearby boundaries in light of your results. In the first
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place, you could have corrected the wake by the method you uSed for

your lifting line calculations and, in the second place, it is not appa-

rent that including non-linearity would improve the comparisons,

since it would seem to me that non-linearities would cut off the peaks

of the amplitudes. I am not saying we should not include non-lineari-

ties in the theory, but in the light of your results, I do not see how
you can draw this conclusion.

I am also disappointed that in a paper of this kind, since a

brief discussion was given of the effect of the propeller on the wake,

nothing was said about scale effect on wake, which may be much more
important than the effect of the propeller on the wake. The data in

Figure 11 from the tunnel where you ran two different speeds indicates

that this effect might be enormous. Do the authors have any comments
on the scale effect on wake on high block ships when the scale ratio is

so high ?

REPLY TO DISCUSSION

Carl-Anders Johnsson
Statens Skeppsprovningsanstalt

Goteborgj Sweden

Regarding the model and full scale pressure fluctuations it is

concluded from the results in Figures 14-17 that they agree well in

fully loaded condition. This applies to the maximum peak to peak va-

lues, as well as the first harmonic, values of the latter, however,

being available in full scale only for the six-bladed propeller. In bal-

last condition the amplitudes were smaller in model scale.

The lifting surface method used for the theoretical calcula-

tions, the results of which are shown in Figure 24, is that of Tsakonas,

The aim of this Figure is to show the importance of including the inter-

action between the propeller and the wake in the calculations. This is

done in a simple manner assuming continuity along a streamline, the

method being similar to that used when designing contra -rotating pro-

pellers. It must, however, be confessed that the effect of such a cor-

rection is unusually pronounced in the present case, the reason being

that there is a rather rapid change in the radial and peripherical wake

distributions just outside the propeller disk.
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Comparisons between the method described and several one-

blade dynamometer test (4 degr. of freedom) results serve to illu-

strate that the method in question is satisfactory for engineering pur-

poses unless being faced with a very sharp wake peak.

Including successive radial displacements of wake grids we
have observed that a large radial velocity variation, as experienced

behind some ships, is accompanied by a corresponding change of hy-

drodynamic loading /l/. In fact no nn.ethod for calculation including

the effect of start vortices (or not) will respond correctly to the si-

tuation demonstrated unless extending the boundary to positions well

outside the propeller disc.

The non-linear effects referred to in the paper are produced
by separated flow near to the blade tip together with other tip effects

all related to boundary layer flow. Full scale observations have clear-

ly demonstrated that cavitating flows across the tips will account for

the main portion of the unstable cavity volume. Hence, we must draw
attention to the tip region - in particular - when predicting pressure
impulses from propeller cavities. Thus we discuss a region of the

blade in the present paper which cannot be considered to-day by other

means than experiments and corresponding emperical "separation

angles".

Regarding the importance of the wake scale effect on the wake
distribution we will not speculate very much (the scale effect on mean
wake is considered when deterraining the values of J and a defining

the loading case). We will only mention that for a tanker research
project, now being tested in the large tunnel of SSPA, an attempt is

made to estimate the influence of Reynold's number by repeating the

tests with the same model, part of the parallel length having been cut

away.

Records of blade stresses and fluctuating bearing forces on a

large tanker which are reported in /z/, illustrate that model and full

scale fluctuating stresses/forces are surprisingly similar.
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DISCUSSION

Marinus Oosterveld
Netherlands Ship Model Basin

Wageningenj Netherlands

I should like to make some comments on this very interesting

paper.

From model tests and structural calculations it has frequently-

been found that an increase of the excitation of the hull occurs when
the propeller RPM approaches the service RPM . Explanations for

the increase in excitation are :

- from an economic point of view, most of the screw designs
are such that at service speed the propeller cavitates. For a proper
designed screw this cavitation does not give problems with respect to

erosion. However, as clearly shown in the paper, due to cavitation

the propeller generated hydrodynamic forces naay increase substan-
tially.

- the lowest natural frequencies of the transversal and axial

shaft vibrations of large tankers lie often in the blade frequency region
at service speed. Consequently the shaft vibrations and bearing reac-
tion forces are enlarged a great deal.

- a proper analysis of the whole vibrations therefore requires
a determination of the propeller generated hydrodynamic hull and
shaft forces, and a determination of the response of the shafting.

That brings me to my first question. Have calculations of the

shaft vibrations been carried out in order to determine the magnifica-
tion effect due to the resonance of the shafting ? These calculations

may have influenced the choice of the number of the blades of the

screw propeller.

Secondly, the introduction of the afterbody fins lowered the

level of the pressure fluctuations on the ship's hull. Are large differ-

ences found in the wake field, and especially in the tangential compo-
nent of the wake field due to the introduction of these fins ? It is a pity

that the results of the wake field measurements are not given in the

paper, as these are a base for the analysis, I suggest that the authors
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add these data to the paper.

Finally, by testing the ship model at ballast condition in the

cavitation tunnel the afterbody fins more or less coincide with the

upper wall of the cavitation tunnel. Due to this fact, no differences in

the wake pattern with and without fins will be found. Is this accordance
with the measurement results found in the model basin ?

REPLY TO DISCUSSION

Carl -Anders Johns son
Statens Skeppsprovningsanstalt

Goteborg, Sweden

Calculations of different kinds of shaft resonances including

magnification effects were carried out for the two ships at the design

stage and were decisive when determining the number of blades of the

propeller.

Comparative curves of the wake distributions with and without

fins were given in the first report on this investigation [4] and it was
not considered necessary to include them again. These curves show
that there was a considerable difference between the wake values ob-
tained with and without fins in the 12 o'clock position, in particular in

fully loaded condition where the measurements in the towing tank in-

dicated highly separated flow without fins. This difference was very
well reproduced in the tunnel, also in ballast condition, although the

agreement between tunnel and towing tank was slightly better in fully

loaded condition. This applies to the measurements carried out with-

out propeller as well as those performed with rotating propeller. So
we think the differences with full-scale what we call cavitation pat-

terns cannot be entirely linked together with the wake distribution.

There must be some other factors. We have discussed the question of

the definition of loading cases. We all know that the definition of load-

ing cases is a much more tricky business for ballast conditions. It is

not entirely logical compared to what we use in fully loaded condition.

May be we can get some useful information from the new vacuum tank
regarding what happens to the efficiency and interaction factors under
cavitating conditions.
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DISCUSSION

Edmund V. Telfer
R.I.N. A.

Ewelly Surrey 3 U.K.

I had the privilege in the spring of discussing Mr Johnsson's

paper before the Institution of Naval Architects and I went into the

history of such fins, and there is no need for me to go into that again.

All I would like to ask on this occasion is this : granted that the real

effect of the fins in minimising cavitation vibration must emanate fronn

the starboard fin and not the port fin, has the author tested everything

he has done so far for both fins also only with the starboard fin in po-

sition ? I feel that is where the progress is to be made, and I would
suggest that the port fin is quite unnecessary. I should like to have

the author's reaction to that suggestion.

REPLY TO DISCUSSION

Carl-Anders Johnsson
Statens Skeppsprovningsanstalt

Goteborg3 Sweden

In connection with the project, no single fin version has been

tested and I do not think we have ever used that concept. Of course it

is an interesting idea, but maybe we will lose one of the merits of the

fin, that is the propulsion merit. Of course, the main effect of the

fins, in this case at least, was that they reduced separation and accor^

dingly, in the model test at least, raore than compensated for the in-

crease in frictional resistance. Probably that effect will not be so

complete if we have only one fin, but from the research point of view

it is a good idea and should be tried.
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DISCUSSION

Harrison Lackenby
British Ship Research Association
Wallsendj Northumberlandj U.K.

The paper is concerned primarily with the fluctuating pressure
forces acting on the hull surface. These are also, of course, the un-
steady forces and moments caused by the uneven wake distribution

which act on the stern bearing and also contribute to propeller excited

vibration.

Figure 5 gives one of these, namely, the fluctuating thrust,

but there are also the fluctuating torque and the side forces and mo-
ments.

I should like to ask the authors whether they considered these

and wether raeasurements or calculations of them were made.

Would they also care to express an opinion on the relative im-
portance of the hull-surface pressure fluctuations as against the bear-
ing forces and movements as affecting propeller excited vibration ?

REPLY TO DISCUSSION

Carl -Anders Johns son
Statens Skeppsprovningsans tat

t

Gotehorg^ Sweden

Calculations of different bearing forces were made at an early

stage of the project but reliable measurements were only made of the

thrust variations (and the mean thrust).

The relative importance of the bearing and surface forces has
been discussed for many years and the investigations made indicate

that, in the non-cavitating case, they are of the same magnitude.
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Figure 37 and other Figures in the present paper show, however,

the striking influence of cavitation on the surface forces in the present

case. As an influence of cavitation of similar magnitude is not expect-

ed for the bearing forces our conclusion is that, in cases where the

volume variation of the cavitation is important, the surface forces

will be predominant.

DISCUSSION

Finn C. Michel sen
Norges Tekniske H0gskote

Trondheim^ Norway

I do not know how far back my historical recollection goes. I

was not at the London meetings, so I do not know what our colleague

Professor Telfer said, but I do know that the fin has been used on

Great Lakes carriers for some 20 years and that in fact, a paper was
published on the subject in the Transactions of the Society of Naval

Architects and Marine Engineers around 1950 by Professor Baier and

Professor Ormondroyd. I believe the authors obtained a patent on this

fin. The success of the fin is demonstrated clearly by the fact that

these fins are still being installed on Great Lakes carriers, especial-

ly when they are repowered, so there is nothing new in that respect.

I wish , however , that proper reference had been made to in the pre-

sent paper to the work by Baier and Ormondroyd. I do not know whether

Baier was the first inventor but he was at least a successful applicator

of the fin. There is one phenomenon I should like to mention in connec-

tion with these fins, something that was said to occur on the Great
Lakes carriers. The vibration level on these ships prior to installa-

tion of fins is usually not steady. It seems to build up a peak level

about every 10 seconds, followed by somewhat of a lull. On a model
we have discovered vortices that attach to the model on one side or the

other and would sort of peel off into the wake, and this is apparently

associated with these high level vibrations. The fin seems to affect

the flow around the stern in a very large or significant way through

the elimination of such vortices. I wonder if that is the phenomenon
we are faced with there. The fact that the authors do not see any dif-

ference in the cavitation patterns in five bladers, six bladers and so

forth may be an indication of this.

I should also say that the measurements on the Great Lakes
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carriers performed by Ormondroyd indicated that the vibration level

could drop to one quarter of the original level after the installation of

fins.

Another thing that the vortices seem to affect is the course sta-

bility of the ship. These large vortices that are building up on one side

or the other seem to produce a circulation around the rudder and the

entire hull, and this tend to turn the ship which you then have to cor-

rect by giving helm. The ship will experience an added resistance due

to this. On Great Lakes carriers a gain of a couple of knots has been
realized after the installation of fins. I think that also is significant.

I wonder if the authors have found anything similar on their ships ?

REPLY TO DISCUSSION

Carl-Anders Johnsson
Statens Skeepsprovningsanstalt

Gotehorg^ Sweden

After having listened to the discussion we are now fully aware
of the disadvantage of writing two papers on the same investigation.

We are, however, happy to be able to say that the reference which
Professor Michelsen asks for is in the first paper [4j so we think that

we have given full credit to Baier and Ormondroyd. We also feel sorry
for Professor Michelsen that he missed the fine lecture that Profes-
sor Telfer gave in London on some earlier English experiences with

fins.

Referring to the last part of Professor Michelsen' s remarks,
we can inform him that, during the model tests, we observed vortices
springing between the propeller and the stern. In full scale they could,

however, not be observed. It can, however, not be excluded that they

were present, as the equipment used was more suited for photograph-
ing than for making visual observations.

A detailed discussion of the results of the resistance and pro-
pulsion tests with and without fins, as well as a discussion of the full

scale tests was given in the first paper. Model tests indicated a gain

in power of 6% in ballast and \% in fully loaded condition w^hen fins

were fitted.
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DISCUSSION

John P. Breslin
Stevens Institute of Technology

Hobokenj New Jersey ^ U.S.A.

Unfortunately, I read this paper late last evening and have not

been able to prepare a written discussion. I wish first of all to defend

the unsteady lifting surface theory which is castigated by the authors
(onp. 599) on the unexplained comparison shown on Figure 24. Here it

is shown that the variation of blade bending moment with blade posi-

tion is seriously over predicted by the unsteady lifting surface u. 1. s.

theory whereas the model measurements are very well fitted by the

QnY, calculations. The u. 1. s. theory was found for this application to

yield excessively high values of the mean thrust and mean torque, al-

though the unsteady force and moment components were found to be
quite close to experimental results available to QnX (This point is not

at all mentioned by the authors). We subsequently furnished EttiV. with

an engineering correction for the mean loading distribution which to-

gether with the unsteady components placed the resulting bending mo-
ment variation much closer to the measured variation. The correc-
tion was based on the use of the thrust and torque coefficients from
Troost's charts which for the mean wake value (obtained without the

propeller) agreed very closely with the values provided by EUiX from
the self -propulsion test. This agreement of coefficients made it dif-

ficult for the discussor to believe that the propeller was seriously af-

fecting the wake. In view of this subsequent effort I must strenuously

object to this comparison which unfairly costs grave doubts on the

usefulness on the u. 1. s. program developed at Davidson Laboratory.
Had the authors only informed us of this intended comparison we would
have provided a still latter result obtained by application of a more
exact theory. The results were recently provided by Qny, and they

show excellent agreement of both measured and vibratory forces were
found to be virtually equal to those from the less exact, earlier cal-

culation.

It is very gratifying to learn that Mr. Huse and researchers at

NSMB have realized that the influence of intermittent cavitation on
blade frequency pressures predominantly arises from the time varia-

tion of the cavity volumes. I have been espousing this mechanism for

some time in the USA where it has been rebutted by the idea that it is

due to the thickening of the blade sections in steady-state fashion. At
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the distances of interest from the cavity volumes an asymptotic repre-
sentation of these by pulsating point sources should be quite exact.

Thus I find the principal contribution to be due to the second-time de-
rivative of the cavity volume and "the secondary" term arising frora

convection to be proportional to the first time derivative of the cavity

volumes. The basic problem of first magnitude is to calculate these

derivatives. Essentially I think they should be measured from three

-

view high speed photographs.

Finally, I hope that the authors will detail their method for

accounting for the induction effects on the ship wake since their com-
parison with the measurements exhibited in Figure 24 is certainly

fantastic I

REPLY TO DISCUSSION

Carl -Anders Johns son
Statens Skeppsprovningsanstalt

GoteborQi Sweden

We think that most of the points raised by Professor Breslin
are covered by our answer to Dr Morgan.

However, we certainly do not want to attack the unsteady lift-

ing surface program developed at Davidson Laboratory, We are fully

aware of its capabilities in dealing w^ith wake components of order
enabling force transfer to the shaft for most grid wakes available. We
like to repeat that no method can work correctly with wrong boundary
conditions e.g. the inlet wake containing no radial variations of the

wake outside the propeller disc and the slip stream assumed to have
constant radius and moving in axial direction.

By application of momentum theory the change in propeller
load naay be illustrated to be large. The authors cannot agree with
Professor Breslin' s word "fantastic" and hope that we have succeed-
ed in illustrating a simple physical concept used in the theory.
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DISCUSSION

Erling Huse
Ship Research Institute of Norway

Trondheirrij Norway

First of all I would like to congratulate the authors on a very-

interesting and valuable contribution to our knowledge of cavitation as
a source to ship vibration. This is, I think, an aspect of vibration ex-

citation which deserves considerable attention. The work presented
by the authors is therefore of great value in our efforts towards better

methods of predicting and reducing propeller induced excitation forces.

In connection with the oscillating pressure measurements in

the cavitation tunnel I would like to comment on the magnitude of the

wall effect mentioned by the authors. At the Ship Research Institute

of Norway we have recently determined experimentally this wall effect

in our two cavitation tunnels. I would like to show you how we do it

and some results.

Let us first recall that the pressure field induced by the cavi-

ties on the propeller blades is mainly the sum of two components.
First we have the pressure field due to the cavity motion. This is in

principle a "dipole field" whose amplitude decays rapidly with increas-

ing distance from the propeller. Therefore one may expect the wall

effect for this pressure field to be relatively small. This we have also

confirmed experimentally. The experimental procedure is first to

measure in the cavitation tunnel the pressure amplitude on the hull

model surface with the propeller running with no cavitation and at

zero thrust. (The pressure field is in this case mainly due to blade

thickness and thus of the same type as that of cavity motion). The
same measurement is next carried out in the towing basin where there

are no tunnel walls in the vicinity of the propeller. The difference in

pressure amplitude measured on the hull in the cavitation tunnel and
in the towing basin is due to reflections from the tunnel walls and thus

represents the wall effect.

The second and most important contribution to the total pres-
sure field is that due to the volume variation of the cavities. This

effect produces a pressure field which is in principle a "pole field".

Since its amplitude decays relatively slowly with increasing distance

it will be subject to a more pronounced wall effect that the pressure
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field due to cavity motion. The main problem in measuring wall effect

in this case is to design a transmitter to produce the required oscil-

lating pressure pole field. Figure 2 shows the principle of the pres-
sure wave transmitter that we have developed in Trondheim. A signal

generator feeds an AC current to the coil winding. This makes the

rubber membranes oscillate, producing an effective volume variation.

The amplitude of the volume variation itself is measured by measur-
ing the pressure fluctuation in the closed air volume inside the trans-

mitter by means of a pressure transducer.

Now we first fit the afterbody model in the cavitation tunnel

with this pressure wave transmitter instead of the propeller as shown
in Figure 1. We adjust the volume variation to a certain level and
measure the pressure amplitude on the hull. This procedure is then

repeated in the towing basin with exactly the same volume variation.

The difference in pressure amplitude on the hull in the two cases re-

presents the wall effect.

In our larger tunnel of 1200 mm diameter test section we have
in this way determined the wall effect for one particular afterbody

model with a 240 mm diameter propeller. On the hull directly above
the propeller the wall effect was found to be less than measurement
accuracy, i. e. less than 10 percent, in a frequency range up to 300

cps. Hence this tunnel seems to be acceptable for pressure measure-
ments on the afterbody model. In our second and much smaller cavi-

tation tunnel, however, where we have tried to measure pressure
fluctuations on a plate above the propeller, we have found the wall ef-

fect to be unacceptably high, amounting to a factor of up to 2.

From investigations in our own tunnels, and by considering

the test section dimensions of the SSPA tunnel, I feel confident that

the wall effect has been negligible in the case of the tunnel measure-
ments described by the authors.

Finally I have a direct question regarding the damping of

the acceleration potential mentioned by the authors. "I find it

hard to understand what physical phenomenon the authors are relerr-

ing to, and I find it even harder to understand how they have been able

to make corrections for it. Could the authors please tell us the magni-
tude of the damping coefficient they have applied in their calculations,

and also explain the theoretical basis of this correction.
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REPLY TO DISCUSSION

Carl-Anders Johnsson
Statens Skeppsprovningsanstalt

Goteborg^ Sweden

Thank you, Mr Huse, for your comments. We read your con-

tribution with interest and also with some relief, to get, without pay-
ing for it, a good investigation of the wall effect of a tunnel of similar

dimensions as that of SSPA,

On trials we have several times observed that pressure fluc-

tuations certain up to 5-6 times blade frequency. Preliminary, it was
required to study the mechanism by which such components could be
included.

The m term in Equations (15) and (l6) of Appendix C however,
leads to large magnitudes of the component of that frequency, as the

corresponding inaccuracies in the Fourier term become significant.

Consequently, empirical damping of the signal was required ; for con-
venience the reduced frequency/oscillating blade relationship was
chosen as the "building brick". Presently, we terminate computations
at twice blade frequency and can neglect the method originally includ-

ed in the paper.
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MOTIONS OF MOORED SHIPS IN SIX DEGREES
OF FREEDOM

I -Min Yang
Tetra Techy Inc.

Pasadena, California U.S.A.

ABSTRACT

The equations of motions of a moored ship hav-
ing six degrees of freedom were formulated. The
mooring force is nonlinear and asymmetrical. A
new approach is developed to solve the resulting

nonlinear and asymmetrical problem.

INTRODUCTION

Recently the development of large ships has attracted many
investigators to study motions of moored ships. The introduction of

container ships and the increase of oil exploration in deeper w^ater

depths make it necessary to have a through understanding of motions
of moored structures. For container ships, the operation of loading

and unloading containers are controlled by land based huge cranes,

extensive ship motion n^ay greatly reduce container loading and un-
loading rate. Oil exploration in deep sea needs to drill through the

ocean floor from a moored ship (or other moored structures), large

motions of the ship may hinder drilling operation. Another related

problem is that of a moored buoy system. The effective design and
development of such system also require an ability to predict its os-

cillatory motions.

The study of motions of a moored ship is usually limited to the
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surge motion |_1J , that is, the moored ship is considered as having
only one degree of freedom, and it is known that the force-elongation
relationship of a mooring line is highly nonlinear [2^ . Kaplan and
Putz [3] , and Muga [4] have investigated moored structures in six

degrees of freedom. In their study, the force -elongation relationship

of mooring lines is assumed to be linear, thus the problem is linear

and the solution can be readily obtained. In this paper, we consider a

more general six degree of freedom problem. The mooring force is

a nonlinear function of elongation ; since a ship can not be symmetric-
ally moored, and fenders are only at one side of the ship, motions of

the ship are asymmetric. An approach has been developed to generate
an approximate steady- state solution to this nonlinear asymmetric
problem.

FORMULATION

The motion of a moored ship in waves is an oscillating system
with six degrees of freedom corresponding to surge, heave, sway,
roll, pitch, and yaw. The ship is considered as a rigid body and its

deformation is neglected. Usually the length of a ship is much longer
than its beam, and the slender body theory can be applied to find the

hydrodynamic properties of a moored ship. According to this theory,

for an elongated body where lateral dimensions are small compared
to its length, the flow field at any cross - section is independent of that

at any other sections. Hence, the flow field of an elongated body, like

a ship, is reduced to a two dimensional problem of its cross- sections.

The total hydrodynamical properties is found by integrating over the

length of the body.

The six dynamic variables surge, sway, heave, roll, pitch,

and yaw of a ship are expressed in terms of two right-hand cartesian
coordinate systenns. A moving systems which is fixed in the ship, and
a fixed system which is fixed in space. The moving system (y ,y ,y )

has its origin at the center of gravity of the ship and its three axes

(y > Yp ' y ) coincident with the three principal axes of the ship. The
y -axis is positive toward the bow, the y -axis is positive to port
and the y_ -axis is positive upward. This system will move with the

ship and the angular displacements about the three axes are respecti-
vely, the roll, the pitch and the yaw of the ship. They are positive for

rotations about the positive directions of y , y and y in a counter-
clockwise direction. The fixed systems(x , x, x ) is chosen such that the

two coordinate systems are coincident when the ship is at rest. Then the

* Numbers in brackets designate References at the end of the paper.
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three components of translational motion of the origin of the moving
system relative to the fixed system are defined as the surge, the

sway, and the heave of the ship. The positive directions of forces and
moments are defined in the same way as their corresponding displa-

cements.

The forces and moments on a moored ship can be divided

into four categories : inertia, damping, restoring and exciting forces
and moments. The details of determining these forces and moments
are discussed in |_5j , and only a brief discussion will be given be-
low.

The inertia forces and moments arise from change of velo-

cities of the ship and water particles around it. Although the change
of velocity of water particles depends on their position in relation to

the ship, it can be assumed that a certain amount of water behaves
as if integral with the ship and moves with it. The amount of entrain-

ed water is different for different components of motion and the mass
or the moment of inertia of such entrained w^ater is called the added
mass or added moment of inertia. By applying the slender body theo-

ry, the inertia force or monnent on a section of the ship is then equal

to the product of the virtual mass (the sum of natural mass and added
mass) or the virtual moment of inertia (the sum of natural moment of

inertia and added moment of inertia) and acceleration. The added
mass and added moment of inertia depend on wave frequency, w^ater

depth, shape of ship sections and the clearance between ship sections

and side walls.

Damping forces and moments arise from wave generation
and are proportional to the relative velocity between the ship and wa-
ter particles. The proportional constants are called the damping coef-

ficients and depend on wave frequency, water depth, shape of ship

sections and the clearance between ship sections and side walls.

Restoring forces and moments come from three different

origins and will be discussed separately in the following.

Hydrostatic restoring forces and moments are due to the

buoyancy effect resulting from ship displacement. The total hydro-
static restoring force has only one component in the vertical direc-
tion and the hydrostatic restoring moments has components in the roll

and pitch direction.

The second restoring forces and moments come from moo-
ring lines. The behavior of a mooring line under tension has been
investigated by Wilson [z] . The relationship between force and
elongation is highly nonlinear and in general can be represented in
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the following form :

T = c ( -^f if AL >

= if AL <

where L is the moored length of a mooring line, the change in length

due to a tensile force T is AL, and c and n are two constants

depending on the type of mooring lines. The total restoring force and
moment due to all mooring lines have components in all three directions

of translation and rotation.

Another restoring forces and moments come from fenders
which will be in action only when they are in contact with the ship. The
total restoring force has only one component in the sway direction and
the total restoring moment has components in the roll and yaw direc-
tions.

Finally there are the exciting forces and moments due to w^ater

waves. The waves are assumed to be sinusoidal standing or progressive
waves and have a unique frequency, then forces and moments on ship

sections can be obtained from certain wave potential.

The six equations of motion for a moored ship are obtained by
balancing the various forces and moments discussed above and may be
represented in the following matrix form :

where

Mx + Cx + K X + f(x) = g(t) (1)

M = virtual mass and moment of inertia matrix

C = damping matrix

K = stiffness matrix due to linear restoring forces and
o ^

moments

f(x) = force vector due to nonlinear restoring forces and
moments

g(t) = force vector related to water waves
= q.cos (cjt +\|/ .), i = 1, . . . , 6

x = (x^, x^, x^, 0^, 0^, 0^)
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The first three elements x , x , x in the displacement vector x
represent the surge, the sway and the heave of the moored ship, and
the next three elements Q|, Q^, and 0^ represent respectively the roll,

the pitch and the yaw of the ship. The force vector f(x) is nonlinear.
If_its argument x is replaced by -x, f(-x) will in general differ from
f(x) in magnitude as well as in sign. Hence f(x) is asymimetric. The
quantities (J, q. and y . represent wave frequency, force or moment
amplitude and phase angle for the ith element of the vector g(t).

METHOD OF SOLUTION

Since the excitation vector is harmonic, we assumed that an
approximate steady- state solution for the response of the system (l)

may take the following form :

X. = z. + y. (2)111 ^ '

= z. + y. cos (Ut +f.) i = 1. . . , 6 (3)

z. is_a constant introduced to account for the asymmetry of f(x) in (l).

If f(x) is symmetric, then z. will vanish, y. is a harmonic function
whose amplitude and phase are V and ^ .

1 ' i

Consider a linear system defined by

My + Cy + (K + K)y = g(t) (4)

where K is an unknown matrix. If K is known, this linear system can
readily be solved to give :

^i
=\/w.' + w.'^^ -

(5)

i = 1,...,6
W^

f, = tan -'-iiA
(6)

1 W^.

where w.'s are given by
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in which

V. V,
n -1

^2-^1

K + K - MCJ
o

q cos

q, cos
H^6

^1 ^^^
H'l

^6 "''"
^b.

(7)

cu

(8)

(9)

and the superscript -1 for a nnatrix denotes its inverse.

If the exact solution for the linear system is used as an
approximate solution for the nonlinear system, direct substitution

gives

£ (z., k..) = f (x) - Ky + K z
1 ij

'
o

(10)

where kj^4 are the (i, j) element of K and £ denotes the error vector.

The unknowns kj^; are chosen in such a way that the average mean-
square error over one cycle defined by the integral

,
/'2TT

i = 1

de, = ut (11)

is a minimum. This leads to

asa
dk ij

i, j = 1, . . . , 6 ;i2)
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However, it can be shown that not all kj^j's are independent. In order

to avoid this difficulty, we choose in this case,

k.. = ifi 7^ j (13)

Then, k can be uniquely determined as follows :

ii

k.. = —^ / i. cos(e+f.)d0 (14)

Six more equations are furnished to determine z^ by averaging the

nonlinear equations over one cycle which leads to

•ZTT __
ZTTKi" + / f(x)d0 = i = 1,...,6 (15)

o
•^

Thus the solution of the nonlinear system is reduced to the solution of

Equations (5) - (7), (14) and (15). They are nonlinear algebraic

equations but can be solved numerically by the following iteration

approach. First, set z^ = and assume a set of values kj^^. Then
Equation (7) can be solved by simple matrix inversion and Yj^

and

w?j^ are determined from Equations (5) and (6). Now a new set of

values of k^j and z^ are calculated from (14) and (15). This proce-

dure can be repeated until required accuracy is reached.

SUMMARY AND DISCUSSION

An approach to the determination of an approximate solut-

ion for the steady-state response of moored ships in six degrees of

freedom has been formulated. This approach can be applied to moor-
ed structures in open sea as well as moored ships in harbors. In this

paper, the degrees of freedom of the system is specified as six.

However, this approach is still valid for degrees of freedom other

than six.

The accuracy of an approximate analysis is difficult to pre-

dict in general. A different version of this approach where f(x) is

symmetric has been employed to problems which possess known exact

solution L6j , it shows that the accuracy of this approach is well

within the limits of practical engineering usefulness.
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DISCUSSION

Manley Saint-Denis

University of Hawai
Honolulu 3 Hawai, U.S.A.

I am afraid I raust begin by begging the author's forgiveness

and the indulgence of the audience for the critical remarks I am about

to make on this paper. Perhaps this is the wrong way to start a dis-

cussion, but if it is not the right way, it is at least a diplomatic one.

However I must confess with some alacrity that my remarks are go-

ing to be rather suggestive and tentative and not at all forceful or ca-

tegorical. This is due in part, perhaps, to the manifest voids in the

paper which have led me to infer, perhaps mistakenly, what might be

the full development. Having provided sufficient cushioning for my cri-

ticism, it is time that I voice it. I have five specific comments and
one general recomraendation.

The first is this : I have been unable to discover anything new
in the paper. Lack of originality is not in itself conderanable, of course,

if the paper contains other rewards, such as elegance of development
or an efficient computer programme, etc. . . But these I find not to be

present.

My second comment is that the paper appears to consist of

two parts : an adequate introduction and a short conclusion ; but of the

essential developraent that should be the core of the presentation there

is only a hint. It is this parsimony of the essential that I have found

to be rather distressing. To rest the paper on reports that, if not pro-

prietary, are not generally available militates against an appreciation

of it.

My third comment relates to the author's statement that the

solution is valid for a ship moored alongside a dock, a condition that

introduces an asymmetric non-linearity in the restoration but this is,

in principle at least, a grave insufficiency, for the proximity of the

rigid boundary, which is the dock, affects also the hydrodynamic mass,
the damping reaction and the acceleration and velocity terms of the

excitation, so that all these are non-linear, and the non-linearities

are not readily written off as negligible. Indeed, they are quite power-
ful.
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My fourth comment is that the equation of motion reveals an
excitation that consists of a single component related to wave displa-
cement. This is correct only so long as the excitation is linear (in

which case its amplitude is frequency dependent), but not when the

excitation is non-linear (in which case its amplitude is a function of

both frequency and amplitude of motion).

My fifth comment relates to the conclusion that the accuracy
of the approximate approach is well within the limits of practical en-
gineering usefulness. But comparison is against another computa-
tional method and not against measured reality, and such a compa-
rison leads to an appreciation of the validity of the approximation,
not of the basic method.

The paper raises a large number of stimulating questions but
it provides a paucity of answers to them, and my recommendatibn is

quite simple. I suggest that the author complete his paper and add
thereto w^hatever experimental or trial data he can adduce in support
of the technique described. Only then will it be possible to appreciate
the paper and to comment constructively on its intrinsic merits,
which at present stand unrevealed.

REPLY TO DISCUSSION

I-Min Yang

Tetva Teohi Ina.

Pasadena^ Cal-iforniaj U.S.A.

From the comments made by the discusser, it seems to me
that he has some misunderstanding about the definition of nonlinear

differential equations. Hence he can not find any originality in this

paper. In equation (l), the independent variable is the time t , and
the dependent variables are the components of the displacement vec-
tor X. Since it is assumed that f(x) is a nonlinear vector function

of X , the differential equation (l) is therefore nonlinear. The fre-

quency o) in this equation is just a parameter, that is, for a particu-

lar case, it is a constant. The hydrodynamic coefficients (virtual

masses and damping coefficients), and amplitudes and phase angles

of wave forces depend on oj and the dock in a very complicated man-
ner, but for a fixed co , they are just constants. Thus they have no-

thing to do with the nonlinearity of differential equations. (For
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example, in equation (l), if f(x) is a linear function of x , then equa-

tion (l) is always linear. ) Many papers have been published in deter-

mining hydrodynamic coefficients and wave forces and since the main
purpose of this paper is to present an approach to solve the nonlinear,

asymmetrical problem due to the presence of mooring lines, I did

not even try to explain how to find these coefficients in this paper.

The explanation of the approach is quite complete. If one reads
this paper carefully, he will find that, although it is a quite short

paper, it contains all information about the approach.

It is true as the discusser pointed out I failed to compare the

results with measured data. However, the comparison with an exact

solution does indicate how good the approach is. If the hydrodynamic
coefficients and the representation of mooring lines are adequate,

then this approach will give very reasonable and practical results.

DISCUSSION

Paul Kaplan

Oceanics Inc.

New-York^ U.S.A.

My comments are somewhat similar to those of Dr Saint-Denis
but perhaps they are motivated by different reasons. In some ways,
when I looked at the paper and considered the content of it I was re-
minded of a modern song that w^as popular a couple of years ago by
Miss Peggy Lee. It is called "Is that all there is". If you think about
the song, it starts out on a sad tone and that is the way I felt initially,

but the song proceeds by careful consideration to some sort of posi-
tive outlook. Perhaps if you bear with me and my discussion and some
interchange between the author and myself, the same result may be
achieved.

My interest in this particular subject is indicated by the fact

that there is a reference to the paper I wrote ten years ago dealing

with the motions of a moored ship with six degrees of freedom, and it

was linear. Two years ago at the last Naval Hydrodynamics Symposium
I presented a similar subject which was just concerned with a few pro-
blems in the whole general area of mooring and positioning ships at

681



I-Min Yang

sea. Therefore I am concerned about some aspects of that is in this

paper and how they modify what may be considered as some results of

my own some time ago, and therefore raise questions. For one thing,

this being a naval hydrodynamic symposium, there is no indication as

to what is unique in the paper from a hydrodynamic point of view.

There are walls and there is a mention by the author of the fact that

the added mass and damping are affected by the presence of the walls.

However, how did you take account of it ? What mathematical proce-
dures, what techniques, what approaches were used ? This is the sort

of information that we professionals could make some use of and would
like to hear about so that if we have an apposing point of view or some-
thing interesting to say there can be some interchange in regard to it.

Another point is that this was applied, we are told, to a con-
tainer ship. Was there anything unique about the container ship ? Was
it a standard ship ? Was it one that also had barges perhaps ? Was it

an unusual form, like a Lash or a Seabee ? This makes a difference

in the type of ship computation per se.

On the question of non-linearity, what kind of non-linearities

do we have ? I can imagine something with fenders. A fender will

only provide a force, and it is one-sided, when you press against it ;

when you go off, there is nothing. I would make an analogy with the

so-called linear detector in electronics, which is one-sided in its va-

riation. If you do that, you have a mathematical structure of what a

non linearity looks like. Similarly with regard to other aspects of the

non-linearity that comes from the mooring cable. For example, you
made a particular assumption in your mathematical procedure which
raises a very significant question in my mind. Equation 1 3 in the

paper, which you alluded to also on your slide, said that you made
the assumption that the Kij terms are zero. This means you are only

using diagonal terms in the K matrix. The implication of that is very
interesting. It means that you just take account of what I consider to

be self-mode non-linearities - that is, non-linearities in each mode
separately, like x , x , y , y . Moored ships certainly have inter-

actions of a non-linear nature because the bow and the stern when you
yaw together with sw^ay have some xx y + x sine and y - x sine at

either end. Non-linearity reflects itself differently in different pro-

ducts. In fact, if you have similar mooring cables you can use the

fact that the cross product term is opposite sines and this will allow

you to get some information, something useful, and not as restricted

as it is here. It is a suggestion. I do not know what you have perhaps
done in considering that which led you to the -conclusion of a reduced
number of terms.
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Similarly, you are dealing with a case of a sine wave here
which I do not think is quite apropos, but nevertheless it is an analy-

tical exercise that has its utility. How different are the results for

the case you have obtained here with the non-linearity included as

compared to the linear theory ? There must have been some results.

Is there any significant difference ? Does it occur when in a certain

region we have certain wave amplitudes ? This will certainly be use-
ful to us.

Similarly, if you have an application to a real condition, even
though it is a harbour and has a very narrow tune system, there are
swells that come in and you have to treat the problem as one for a

random system. There are techniques known as describing functions

which you can use, and I am sure you can use them. Your reference
says your thesis dealt with this problem area. It would be a natural

and wonderful extension of this procedure. The question then is what
are the theoretical results and how would they compare with the case
of linearity ?

In concluding, I want to say something that is similar to the

statement Dr Saint-Denis made. There is a statement which I used to

hear years ago and perhaps it is applicable to my own delivery some-
times, but it is of oriental origin. It is essentially that one picture is

worth a thousand words. I think we ought to make a little inversion
here and put some more words together with some pictures, and the

end product comes cut really two years from now. This is a tremen-
dous opportunity to make a substantial contribution, and I should
greatly like to see it.

REPLY TO DISCUSSION

I-Min Yang
Tetra Teah, Inc.

Pasadenaj Californiaj U.S.A.

(l) The discusser said, ". . . you just take account of what I consi
der to be self mode nonlinearities, . . . ". This is not true. It is true
that the matrix K is assumed to be diagonal, but if you read this

paper carefully, you will find that k. •, are urLknown quantities and
their determination depends on all six modes of motion.
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(2) Since the main purpose of this paper is to present an approach
to find the nonlinear, asyrametrical motion of a moored ship, I have
omitted the discussion of determining the hydrodynamic coefficients.

In fact, I just used the data discussed in published papers.

(3) The effect of nonlinearity depends heavily on the nonlinear sys-

tem. If the nonlinearity in the force -displacement relationship is very
large, like the case of mooring lines, the resonant period determined
by linear analysis is quite different from that determined by nonlinear

analysis. For example, in one case I considered, it may shift from
20 seconds to 50 seconds.

(4) This paper discussed an analytical approach to investigate the

motion of a moored ship. It seems to me that the lack of figures does

not affect the understanding of this approach.

DISCUSSION

Ernesto. Tuck
University of Adelaide

Adelaide i Australia

I do not want to let one of Dr Saint-Denis's remarks pass. I

forget which point number it was but it was the business about the ex-

citing force being of only one type when he thought it ought perhaps to

be of several types. I think this is quite erroneous. There is no rea-

son to believe that the excitation is anything but the most general li-

near excitation in this particular problem. From my reading of the

paper there is an input frequency-dependent phase as well as input

amplitude, so I think that that particular point put by Dr Saint -Denis

should not be allowed to stand.

Another point of his was that there is nothing new in this paper

and I think that is quite wrong. I think myself that it is quite a good

paper. I think Dr Yang explained about the matrix Kj^j . The fact that

it is diagonal does not necessarily mean that one is considering only

self -linearities. I think that some of this criticism is simply m.isplac-

ed and that the people making the criticism should read the paper a

bit more carefully.
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DISCUSSION

Grant Lewison
National Physical Laboratory

Feltharrij Middlesex^ U.K.

I should like to make one small point about the paper. The
author has assumed that the response of the system is entirely funda-
mental mode -in other words, that there is only one harmonic present.
This completely ignores the possibility of higher and lower mode har-
monics which for many moored ships are well known to provide much
bigger responses than the fundamental.

REPLY TO DISCUSSION

I-Min Yang
Tetra Tech, Inc.

Pasadena^ California, U.S.A.

Thank you for the comments. Usually for a non-linear system
there are some higher harmonical terms. But I compared the harmo-
nic solution with the exact solution for some symmetric cases. The
higher harmonical terms are not important.

DISCUSSION

Grant Lewison
National Physical Laboratory

Feltharrij Middlesex, U.K.

What about the lower one - i. e. sub harmonic ?
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REPLY TO DISCUSSION

I-Min Yang
Tetva Techi Inc.

PasadenUj California^ U.S.A.

If you want to have high harmonic or sub harmonic terms, of

course you can do it by purely numerical integration. But note that

near resonance, the solution is not unique and depends on initial con-

ditions. The region of convergence for the peak solution is very nar-
row and therefore it is very difficult to obtain the most important re-

sults by numerical method. That is the main reason why I developed
the approximate method for the harmonic case.
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ANALYSIS OF SHIP-SIDE WAVE PROFILES,
WITH SPECIAL REFERENCE

TO HULL'S SHELTERING EFFECT

Kazuhiro Mori, Takao Inui,

and Hisashi Kajitani
University of Tokyo

TokyOj Japan

ABSTRACT

Attempt is made to find out the effective wave-
making source of a ship from the measurement of

the hull- side wave profiles.

The integral equation of the source distribution

function is simplified and solved numericallyunder
the specific limitation, (a) rectangular, vertical

central plane, and (b) draughtwise uniform.

Two Inuid models M 20 (B/L = 0. 0746) and M 21

(B/L. = 0. 1184), whose hull-generating sources are
optimized to give the minimum wave resistance at

Fn = 0.2887(KqL =12), are tank-tested and wave-
analyzed.

The obtained source distribution m( ^ ) shows a

clear discrepancy from the hull-generating source
m( ^ ) in a similar way to the so-called fx -correc-
tion, or

a{^ ) = m(^ )/fR(^ ) = 1 -m(1. UI), (m= 0.4)

Wave profiles, wave patterns and wave - making
resistance are calculated in two ways, (a) from
hull-generating source m( ^ ),and (b) fronn wave-
analyzed source m( | ).

The gap between experiment and calculation (a)

is satisfactorily filled up by calculation (b).

From experimental results it is proved that the
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design procedure where a ( | ) is taken into ac-

count is very significant.

The second order calculations for hull - surface

condition as well as for free-surface condition are

found not enough to give the theoretical basis for

the correction function a ( ^ ), which suggests the

importance of the hull's sheltering effect.

I. INTRODUCTION

The wave analysis has two objectives, i. e. (a) to deter-

mine wave -pattern resistance directly, and (b) to find out the actual

wave-making mechanism of a ship-like floating body.

This paper deals with the problem (b) by means of the

measurement of ship- side wave profiles rather than by free wave pat-

terns in the rear of ships.

II, METHOD OF ANALYSIS

The co-ordinate system as shown in Figure 1 is adopted

throughout the papers.

All quantities in the following equations are dimensionless,

where J^ ( = L,/2), half length of the ship, and U, the velocity of the

uniform flow are taken as the units of length and speed, respectively.

Let us assume that the hydrodynamic singularity (source)

is distributed on the surface

^= M ^ , f ) (1)

Then the perturbation velocity potential at an arbitrary con-

trol point P(x, y, z) is given by

«/> (x, y, z) = — / / m( ^ , r ) G(x, y, z ; ^ ,
r,

, f) dS

^//
(2)
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where U,m($,r) denotes the source density at the point 0(^,57,0
on the distribution surface S . The Green function G(x, y, z;^,i7,f)is

G(x, y, z;^, rj.r) = -^-^+H (3)

where 2 , ^,2 , ,2 , y.2
y^

= (x-l) + (y-r,) + (z-O

yz
^ = (x-^)^ + (y-r,)^ + (z+f)^ (4)

!_ lim /* A k exp[k(z+r) + ik(x-^cosg+ y- rising)]

J J k - K /sec - ijusec^
-TT O

By making use of the well-known free surface condition

(5)Ux v) = — ^-^
z =

the integral equation (2) can be converted to

dS (6)^^^'^^ ^ -^^ij/f"^^^'^^^^^^'^'^'^'^'^^ z =

where r{x, y) denotes the surface elevation in general.

For simplicity, let us confine ourselves to the specific limi-

tations,

(a) the distribution surface is the rectangular, vertical

central plane (-1S^<1, -t<r<0)

(b) the distribution function is draughtwise uniform.

Further, the ship-side wave profiles T •. (x, y) are selected as

the given information of the wave elevation f (x, y) .

Thus we have the fundamental integral equation

o*'J-to J-1r,*' J^fn J-\ OX

For numerical solution of Equation (7), the modified Fourier expans-
ions are introduced as follows
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N N
in(^) = S a cosn7r|'+ J^ ^ sin n7rr(o<^'< l) (8)

n = 1 ^ n = 1 ^

where .

^' -A^{\ +^) ( -1<^<1) (9)

Using above expression for m(^), we divide the distribution

plane into M number small meshes, and assume that within the mesh-
es the source strength is constant, then the wave profiles are given

by N .

r,(x,y) = 2] |a C (x, y) + b S (x, y)> (lO)
n , 1 n n n n I

n = 1 l /

with M
C (x,y) =

2_rf cos nTT^'. G.(x,y ;F., to)

i = 1

M
S (x, y) = ,2-/ sin nTT^. . G.(x, y ; ^., to) (ll)
n ^^, 11 1

1 = 1

where

G.{x.y;{.,to) = --^ £^ dfj '+' Ag(x. y. . ; ?. o, f) ^ __

^d?^^^^

By preliminary studies of Equations (8) and (10) , five term
truncation N = 5 are found suitable. Then 5x2= 10 nvimerical

coefficients |a^| , jb^l (n= 1,2, ... , 5) are determined by the

least square method.

Table 1 shows an example of such preliminary studies. Start-

ing with the wave profiles which are calculated from the hull -generat-

ing source m(^) of the model M21 at the speed of Fn = 0. 2887

(KqL = 12), the wave analyzed sources m(^) are obtained for the

cases N = 4, 5, 6 and 8 .

Figures 2~4 _also show the general features of the contribu-

tion function G£(x, y ;^^, to) as expressed in Equation (12),
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III. MODELS AND WAVE PROFILE MEASUREMENT

Among a variety of hull form characteristics, the beam-
length ratio (B/L) is supposed as the leading parameter for the shel-

tering effect.

Therefore a set of two Inuid models M 20(B/L = 0. 0746)

and M 21(B/L = 0. 1184) are prepared as shown in Table 2 and Fi-

gures 5 ~ 6 .

The hull generating sources m( ^ ) of M 20 and M 21

are optimiized to give the minimum wave resistance at the speed of

K^L = 12(Fn = 0.2887) under the following restraints:

1 / 0. 018(M 20)

^ . m( n d^ =
i

(13;

0. 036(M 21)

and

^(H = Xi ^i
^' (i= 1, 3, 5)

Three kinds of tank experiments, i. e. (a) towing test,

(b) wave-profile measurement, and (c) wave pattern measurement,
are carried out with M 20 and M 21 for the speed of K^L = 7 ~ 20

(Fn = 0.3780 ~ 0.2236).

As the typical examples, the results of the wave-profile
measurement at the speed of K^L =8, 12 and 16 are reproduced
here in Figures 7 ~ 9 , where the two kinds of calculation, (a) from
the hull -gene rating source m( ^ ) , and (b) from the wave-analyzed
source m( ^ ), are also presented by dotted lines and by plots, res-
pectively.

IV. ANALYSIS OF MEASURED WAVE PROFILES

The proposed method of analysis is applied to the'measured
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wave profiles of the two tested models M 20 and M 21 for the twelve

speeds KqL = 7 through KqL = 20.

In this procedure, the measured wave profiles at twenty po-

sitions X = - 0. 95, - 0. 85, ... , 0. 95 are adopted as the principal

input data.

In addition, some selected readings of the wave recorder
on the longitudinal cut line y = 0. 25 (x = 1. ~2. 0) are adopted as

the supplemental input data, which are useful for the definite deter-

mination of the source around the stern.

Figures 10 ~12 show the wave-analyzed sources m( ^ ) of

M 20 and M 21 for the three selected speeds KqL =8, 12 and 16,

where the hull generating source m( ^ ) is also given for comparison.

Because of a very low level of wave elevation, the accuracy
of wave analysis is rather poor with the thin model M 20, particular-

ly at the lower Froude number Fn < 0. 2887 (K^L > 12).

In Figures 13 and 14, the similar results at KqL =10,
11 and 12 are summarized with M 20 and M 21, respectively.

From Figures 10 through 14, a clear discrepancy, which

is roughly proportional to the beam-length ratio of the models, is ob-

served between the wave -analyzed source m( ^ ) and the hull-gene-

rating source m( | ).

For the convenience of further studies including the effect

of Froude number, the ratio of the two kinds of sources, or the cor-

rection function a ( O = "^( ^ )/^( ^) is calculated with the wide

model M 21.

The results are reproduced in Figures 15 ~ 17.

Here it must be remembered that the relative accuracy of

a ( ^ ) is poor around midship, because of m( ^ ) being null for

i = 0.

With respect to the sheltering effect, the present authors

\X\ • [^] L^l suggested a simple, empirical correction, like

a(n = 1 - M (
1-- Ul ) (14)
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with

M = 0. 4 for B/L = 0. 12 ~ 0.15

In Figures 15 ~17, Equation fl4), which we call /z- correc-
tion, is also given for comparison with the wave -analyzed result of

M 21(B/L = 0. 1184).

It is noticeable that the general tendencies of the wave-
analyzed correction function are of quite similar tendency to the simple^
empirical relation (14), except the higher Froude number Fn>0.30
(KqL < 11).

At the higher speed range, the inclination of a ( ^ ) is gett-
ing steeper with increasing Froude number.

Therefore Equation (14) is modified here to a more general
expression, like

a(0 = a + b|^| (15)

The results of the generalized straight line approximation,
which is applied to the wave analyzed correction function of M 21

,

are given in Figure 18 together with the original proposal (14).

V. COMPARISON WITH TANK EXPERIMENT

Before entering the discussions on the theoretical basis for
the obtained correction function a ( ^ ), its justification and useful-
ness are examined by comparison with tank experiments on four items,
i.e. (i) wave profiles, (ii) wave patterns, (iii) wave -making resist-
ance, and (iv) amplitude functions.

(i) Wave profiles

By direct integration, the model's side-wave profile is cal-
culated from the wave -analyzed source distribution m( ^ ), which is

reproduced by the plots in Figures 7 ~ 9.

Its satisfactory agreement with the measured wave -profile
(full -lines) makes a striking contrast with the rather poor result of
the existing theory (dotted lines).
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A slight phase shift, however, is observed with the first

wave crest of the wide model M 21, which appears to be attributable

to the non-linear flow effects in close vicinity of the stem.

To find out the accuracy of approximation, similar calcu-

lation is also carried out with M 21 by adopting m - correction

( M = 0. 4), whose result is also presented in Figures 7~9.

(ii) Wave Patterns

The measured wave contours of the tested two Inuid models
M 20 and M 21 are obtained at a single speed Fn = 0. 2 887 (K^L =

12) by cross fairing of the longitudinal cut wave recordings of every

5 cm intervals from y = 0. 25 (close to the model's side) through

y = 1.75 (tank side wall).

The final results are reproduced in Figures 19 ( M 20 )

and 20 ( M 21 ) respectively.

The corresponding calculations are carried out in three

different ways,

(a) by existing theory, or from the hull-generating source

m(n

,

(b) from the wave -analyzed source m( ^ ) ,

(c) by M - correction ( M =0.4)

These calculated wave patterns are presented in Figures

21-24.

The existing theory (a) (Figure 21) shows the poorest

agreement with experiment. Particularly, the transverse waves are

tremendously exaggerated in this calculation in accordance to the

author' s previous suggestions [ij .

The clear disagreement between existing theory (a) and

experiment is again improved successfully by the present approach

(b).

In fact, not only the general features but also the details of

the measured wave patterns of the tested models M 20 (Figure 19)

and M 21 (Figure 20) are beautifully reproduced in Figure 22

(M 20) and Figure 23 (M 21), respectively.
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With respect to the effectiveness of the simple correction

(c), Figure 24 shows its relative raerits and demerits in compari-
son with (a) and (b).

(iii) Wave -Making Resistance

Ordinary towing tests are carried out with M 20 and
M 21 by fitting the plate -stud stimulator at 0.05 L behind the stem.

The wave -making resistance coefficients

Cw = Rw / Y U^ L^ (16)

which are obtained by adopting Schoenherr-line with form factor

K = 0. 07 (M 20) and K = 0. 15 (M 21), are presented in Figures 25

and 26.

In these Figures, the three kinds of calculations are also

given for comparison with the experiment,

(a) Cw calculated by existing theory, or from the hull-

generating source m( ^ ) ,

(b) Cw calculated from the wave-analyzed source m( ^ ) ,

(c) Cw calculated by m — correction ( A^ = 0. 4).

Calculation (b) again shows the best and the most satis-

factory agreement with experiment in contrast to calculation (a) or

(c).

(iv) Amplitude Function

Comparison is also made on the amplitude function of the

total free waves for the speed of Fn = 0.2887 (K^L = 12). Figures
27 (M 20) and 28 (M 21) show four kinds of amplitude function,

i. e.

(a) Amplitude function calculated by existing theory,

(b) Amplitude function calculated from wave -analyzed sour-

ce distribution.
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(c) Amplitude function obtained from the measured free

waves by longitudinal cut method,

(d) Amplitude function obtained from the measured free

waves by transverse cut method.

As easily observed, the amplitude function (b) shows the

highest average level of free wave amplitude, particularly in the trans-

verse wave range. It appears that the difference between (b) and (c)

or (d) may be partially explained by the wave -breaking resistance.

In Figures 25 and 26, Cw at the specific Froude number
Fn = 0. 2887, which is obtained from the longitudinal cut method (c),

is also presented.

VI. SEARCH FOR THEORETICAL BASIS OF CORRECTION FUNCTION
a (O

The practical usefulness as well as the experimental justi-

fication of the obtained correction function a ( ^ ) are clearly demons-
trated in the preceding sections.

From a theoretical point of view, however, its hydrodyna-
mical mechanisrn still remains open for further investigations.

From the standpoint of the boundary condition which is used
to obtain velocity potential in. Equation 2 , two possible causes for

the discrepancies between theoretical and wave-analyzed results can

be mentioned. Namely, (a) finite Froude number effect for the hull-

surface condition, (b) non-linear effect for the free-surface condi-

tion.

For the time being, preliminary calculations of these two
higher order terms are carried out with respect to the amplitude func-

tions.

VI. 1. Hull surface condition

Throughout the present paper, the hull-generating source

m( ^ ) is derived from the so-called double -model approximation m
which is correct only for limiting case Fn

—

* or KqL—*" ^ .
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To find out the effect of finite Froude number, the Green
function G(x, y, z ; ^ , rj , f ) expressed in Equation (3) is rewritten

as

G(x,y, z ; ^ .^ , r ) = G^ + G^ + G^ (17)

where

G, = - — - — (18)

G^ = - 4 K ff I
2 Koi (z + r) sec^e • /tr ^ ^n\^n

Jc I sec 6 e ^ sin(K l p sec 6 ) d 6
o ] ^ o

"^ '

-f+(H) (19)

/

CO

o / de/k sec 5cos(k Koi z + f )- ksin(k Kq/ z +r)
2 K

Go -
3 " v' ^o

2 4
.^+(g) k- + sec*0

-kK^ip (20)

dk

p = (x - O cos 6 + (y - 7? ) sin d

tan @ = (y - 77) / (x - n (21)

In Equations (17) through (21), the second term G 2 denotes

the free wave component which propagates oscillatorily to the rear of

a ship, while (Gj + G3) represents the local disturbance.
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Differentiating Equation (17) as to x, y, z and integrating
all over the distribution plane, the velocity components u, v, w are
also written as

U = u^ + U^ + U3

V
= ^1 + ^2 "^ ^3 ^^^^

w = w + w + w

In finite Froude number problem, the free wave terms
u- , v» , and w^ and a part of local disturbance u^ , v- , and
Wo play important role which is shown in Figure 2 9 in the case of

M 21 and K^L = 12,

Based upon the "exact" hull- surface condition,

^ f(x, z) ^f(x, z) _ ^f(x, z)

where y = f(x, z) denotes the half-breadth of the hull, the "exact"
hull -gene rating sources for finite Froude number KqL. = 12 are ob-
tained with M 21.

This result is presented in Figure 30 together with the

double -model approximation m( ^ ) and the wave -analyzed source

The corresponding amplitude function is also given in

Figure 31.

From Figures 30 and 31, it may be concluded that the

effect of finite Froude number for the hull- surface condition can ex-
plain the cause of the correction function a { ^ ) partially, but not

completely.

VI. 2. Free -Surface Condition

Before discussing the problem (b), we assume that the se-

cond order term for the free-surface condition is independent of the

higher contribution of the hull-surface condition (VI. l). The velocity
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potential in Equation (2) is obtained from the linearized free-surface
condition

z =
(24)

Assuming that the second order term for the free-surface
condition is independent of the hull-surface condition, the approxi-
mate calculations are carried out as follows.

Using small parameter t (we can choose f = B/L), we
can get the well-known expansions

2 312 3
(25)

^-^^^'^-'^3^

Then the kinematical condition of free surface

^x ^x Sy ^y Bz
=

z = f
(26)

is written as

^<^1
)

2

h <M"5:^-
^^2 ^2 ^*^1 ^^1

Sz ^x ^x

+ -^ ^ - ^ K \ (27
^y ^y 1/

+ c {•••} + . . . =
z =
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Similarly, the pressure condition

" i^^i!te)^fe)^feJ + gz =0 (28)

= f

is expressed by

dx ''Z dxdz 1

3*1
/ 2 r

(29)

• * z =

Paying attention to order of e , we have following two

equations as to e and e respectively.

^2 a^«^i a4>i

g ^ Z oz
^ ^x

(30)

z =

u^ a <^2 a<^2 u a ^ /^</>if /a<^i\2 /^<^i\2j

ax
2 az g ax 1 m • (-1^) ' mi

u a«^i \ a /u^ ^ '^i ^
T "^ arg ox

S
a /u'' -^ '^i ^*i\( , (31)

z =

Equation (31), which is the second order term of the free-

surface condition, can be written as

u2
^2 ^ a^.

= T^l(x,y) (32)
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where

7^(x, y) =
_U

g ^x
2 _

^<t>i \ b/u^ ^^^1 a^i
ax ^z (33)

^' - m^^ (i^)^(4^r (3.)

The second order term of the velocity potential 0« is

;iven in accordance with well-known Fourier double integral

2 4
^—

/ 7^(x',y') G (x,y, z ; x',y',o) dx' dy'

-00

{35;

where G(x, y, z ; x',y', o) is given in Equation (3) and (4.)

Once 0^ is known, 7^ (x, y) can be calculated by Equa-
tion (33) all over the z = plane, then (p^ is obtained by Equation
(35). Equation (3 5) means that the velocity potential of second order
term is just that of source distribution "Yi (x, y) which is distributed
over the free surface.

The second order amplitude function corresponding to f.

is given as follows after some approximations.

/CO

I
P(0,y') cos(K / sec^^ sin ^ y')

J o
O A 2 )

-Q(e,y') sin(K^/sec ^ sin ^ y')
J
dy'

" contd.
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S (^)/L =^sec^0 / |p(0,y') sin(K^i sec ^sinfy')

where

P

Q

+ Q( 0,y') cos(K /sec ^ sin0y')> dy' (36)

(5,y') =— K/sec^/s sin(K i sec ^x') dx'

'-oo

(e,y') = -|-K i sec^/ 3^ cos(K isec0x')dx' (37)

Figure 32 shows the first order amplitude functions,

C, (0)/L , S^ (^)/L of the model M21 at the speed of K^L = 12

which are calculated in three different ways.

(a) by existing theory, or from i^(^)

(b) by wave -analyzed source m( ^ )

(c) by M -correction (m= 0.4)

The difference between the result (a) and (b) is present-

ed in Figure 33 together with the second order amplitude func-

tions C2(0)/L , S2(^)/L wliich are calculated Equation 36.

Figure 33 suggests that the second order correction for

the free -surface condition is important only for the diverging wave
range, where the wave -slope is predominant.

Consequently, it appears that the remarkable discrepancy

which is observed in the transverse wave range cannot be explained

by this kind of non -linear effect.
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By summarizing the preceding discussions (VI. l) and (VI. 2)

it may be safely concluded that the real mechanisnn of the sheltering

effect a ( ^ ) should be investigated not only by the second order con-
siderations but also from some different kind of approaches such as
suggested by Brard |^4J or Pien and Chang [_5j .

VII. APPLICATION TO HULL FOR M DESIGN

Although the theoretical basis of the sheltering effect still

remains unsolved, the presently obtained results will be of practical

use for the hull form design with least wave resistance.

As an example, an asymmetry Inuid model M 21 -Modified
is designed under the same geometrical restraints as M 21 except
that

(a) The approximate correction function a ( ^ ) which is

given in Figure 18 is applied in the process of minimization of wave
resistance.

For example, at the designed Froude number Fn = 0. 2887
(KqL = 12), we have

( 0. 3 + 0. 8
I

^
I

, fore body
«(^) = (38)

( 0. 7 + 0. 3 1^1 , aft body

(b) The correction function a ( I ) being asymnaetry fore
and aft, the optimized hull form is also asymmetry under the follow-

ing restraint,

/
Total source = W = / rn( ^ d^ =0 (39)

(c) The modified Fourier expansions are used for m( ^ ).

It is expected that the modified asymmetry model M 21-M
will be superior to the original model M 21 as far as wave resist-
ance at the designed Froude number is concerned.
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Figures 34 through 36 show the calculated results, i. e.

(a) hull-generating source, (b) load water line, (c) amplitude func-

tion, respectively.

The towing tests of M 21-M were run on May 9th through

12th, 1972 and Figure 37 shows its result. As far as wave resist-

ance is concerned, the agreennent between experiment and the pre-
sent theory is noticeable. Moreover, M 21-M is much less, as ex-

pected, than M 21 in wave -making resistance at the designed Froude
number.

These results may suggest that the principal leading fac-

tors of the 'sheltering effect are B/L and the shape of water plane

as discussed in the preceding sections. In this connection, it must
also be remembered that the simple ix -correction of Equation (14)

was originally proposed not with Inuid models but with Pienoid models.

Therefore, the correction function a ( ^ ) which is obtain-

ed with M 21(B/L = 0. 1184) will be applicable not only to Inuids but

also to more general hull forms with flat bottoms.

VIII. CONCLUSIONS

Analytical method for obtaining the effective wave-naaking

source of a ship is developed, where the measurement of the hull-

side wave profiles is adopted as input data, instead of the free wave
patterns in the rear of a ship.

Two Inuid models with different beam-length ratio (B/L =

0.0746, 0. 1184) are wave-analyzed .

Clear discrepancy is observed between the two kinds of

sources, i. e. (a) hull -gene rating source m( ^ ) based upon double-

model assumption, and (b) effective wave -making source m( ^ )

analyzed frora measured wave profiles by means of the proposed me-
thod.

The correction function a ( ^ ) = m( I )/m( ^ ) which is ob-

tained from the wide model (B/L = 0. 1184) is almost identical with

the authors' proposal for the sheltering effect (1968),

a( n = 1 - m(1- Ul ) ' ( ^ = 0-4)
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The second order calculations for hull- surface condition as
well as for free -surface condition are found insufficient to give the

theoretical bases of the obtained correction function a {^ ), which
suggests the importance of the hull's sheltering effect.

Considering a ( ^ ) as a correction function, M 21 -M is

designed under the same restraint condition as that of M 21. From
towing test results, it is proved that M 21 -M is much less that

M 21 in wave-making resistance and such a design procedure is si-

gnificant.
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Analyzed source
wave profiles

Remarks : m( ^

m(^

Table 1.

strength of M 21, based on

) = wave -analyzed source

) = hull -gene rating source

calculated
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Table 2.

Principal particulars of MZO & M21

Item
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Figure 6. The body plan of M 21
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Figure 32. Wave -analyzed amplitude function of M 21 (K L = 12)
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DISCUSSION

Klaus W, Eggers

Institut' fur Sahiffbau der Universitdt Hamburg
Hamburg^ Germany

I feel that this paper deserves a very careful evaluation as

well as comparison with concurrent approaches. I shall restrict my
discussion to one remark only and two minor questions.

The authors deliberately do not display any physical assumpt-
ions regarding the effect covered by their correction, it may result

from higher order effects of wave making theory for an ideal fluid or

from viscousity or even from wave breaking. As far as the first

method, called m correction, is concerned, it retains the anti- syra-

metry of a source distribution for a symmetric ship and thus will not

take account of viscous effects.

Now my questions : on Figure 12, I observe that the actual

source density found from wave pattern survey deviates from this

anti -symmetry, as could have been expected, but the deviation is

smaller with the larger beam/length ratio. How can this be explained ?

Second, on Figure 25 there are represented different curves
of wave resistance : from total drag, from wave pattern and from
calculation using the method proposed. I would like to know from which
Froude number measurement the underlying source distribution for

the latter curve was taken and if there was any sensitive dependence
found of wave resistance upon the Froude nvimber selected for deter-

mining the source strength.
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REPLY TO DISCUSSION

Kazuhiro Mori
University of Tokyo

Tokyo J Japan

Thank you, Professor Eggers, for your kind comments and

questions, especially as to the fu. -correction.

The comments of Professor Eggers about the results present-

ed in Figure 12, the analysis of source distribution, are quite sound.

There results concern a thiner model at a speed of KoL =16, which

is rather slow for which the amplitude of the absolute wave height is

less than one centimetre. We measured the wave height by photo

methods using scales drawn on the ship's surface, with a one-centi-

metre mesh. I am afraid the accuracy of the measured wave height is

not enough, which explains the result of the analysis distribution in

Figure 12.

Secondly, the wave making resistance coefficient is calculat-

ed from the analysied source distributions for each speed. The source

strength is therefore not constant with speed.

DISCUSSION

Roger Brard
Bassin d'Essais des Carenes de la Marine

Paris J France

I should like first to congratulate warmly the authors for the

valuable contribution to the ship wave theory that they have presented

to this Symposium.

The idea of deriving the wave resistance from the surface

elevation along the hull and not from the free waves is probably not

quite new, since Guilloton, for instance, has attempted, some years

ago, to take into account the surface elevation along the hull in the
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computation of the wave resistance. Nevertheless, this idea is develop-

ed by the authors in a very original manner and they have done a con-
siderable amount of theoretical and experimental work.

To obtain a ship form and a singularity distribution adapted

to each other, one can start

- either from the ship hull and attempt to determine the sin-

gularity distribution to be associated with it,

- or from a given singularity distribution and determine the

ship hull generated by that distribution.

The first path was first followed by Havelock. The sources
are distributed in the longitudinal plane of symmetry and calculated

by means of an approximate formula which implies the assumption
that the length/beam ratio is considerably large and that the free sur-

face behaves as a mirror. This first approach gives a solution which
can be termed as Zero Froude number approximation for thin ship.

At this stage, the theory is interesting from a scientific point of view
only. The agreement between the measured wave resistance and the

"residuary" resistance is too poor to be acceptable by naval archi-

tects. The Zero Froude number approximation transforms the real

problem into a Neumann exterior problem. For solving that problem,
in a rigorous manner, one can use a source distribution on the hull

surface itself. Methods have been proposed by several authors - Hess
and Smith [ij , Landweber and Macagno [z] et al - in order to deter-

mine the source distribution. To my knowledge, it does not seem that

the discrepancy between the measured resistance and the residuary
resistance sensibly decreases ; it may even increase in some cases.

It appears therefore that the Zero Froude condition may be one among
the most important causes for discrepancy between theory and exper-
iment.

The second path is that of Professor Inui and his School. The
given source distribution is located in the plane of symmetry and com-
pleted by its image with respect to the plane of the free surface at

rest. The ship form is obtained by integrating the system of differ-

ential equations for the streamlines of the relative motion. For the

ship form so obtained the given source distribution can be considered
as the rigorous solution of the Neumann problem related to the double

model derived from that form. But this method does not permit to

get over the drawback of the Zero -Froude number condition.

In their paper, the authors present a "wave -analyzed source
distribution" such that the ship-side wave profile derived from this
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new distribution be close to that yielded by the experiment. They show
that the agreement between the wave amplitude functions calculated

from the new distribution and those derived from a longitudinal cut

remains unsufficiently good. They conclude that researches are to be

pursued in one or two other directions. I just heard from Professor

Inui that one obtains a very good agreeinent between the two kinds of

wave amplitude functions if one adds to the effect of the sources that

of a line integral which I had considered in a paper [3J submitted, for

discussion, in June 1971, to my Colleagues of the I. T. T. C. Resist-

ance Committee.

I consider as an interesting attempt the introduction of the

wave profile on the hull into the calculation of the singularity distri-

bution. One of the reasons why this does not provide a sufficiently

good agreement with experiment may be the effect of viscosity and

turbulence. The wave theory for inviscid fluid does not apply inside

the boundary layer and wake. The longitudinal cut method does not

give rise to this objection.

What is to be concluded from the effect of the line integral ?

In the last months, Professor Landweber [4] has gone further that I

did a year and half ago in the afore -mentioned paper on the Neumann-
Kelvin problem. He has shown that, if the hull is represented by a

source distribution the line integral canbe transformed into a source dis-

tribution over the hull. Therefore one can solve the Neumann-Kelvin pro-

blem by using only a source distribution over the hull. But this requires

the treatment of an integral equation with a kernel depending on the

speedof the ship. However, if the fir st approximation is that obtained

from the Zero Froude number condition, it can be shown that this ap-

proximation is certainly inaccurate when the Froude number decreases,

and that the line integral expressed in term of that distribution should

greatly improve the calculated wave resistance [Sj. Hence, more de-

tailed information on the procedure used by the authors for determin-

ing both "the wave -analyzed source distribution" and the line integral

associated with it would be very much appreciated.

I would like to add that I am not convinced that wave breaking

is responsible for the discrepancy between calculation and experiment,

for the M -21 form is thin.

Much more important is undoubtedly the effect of the boundary

layer and wake, not only because it entails a sensible loss of total

head, but also because the boundary condition on the hull is altered.

For this reason, I suggest that (it would be desirable that) the exper-

iments of the authors be completed by a wake survey.
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REPLY TO DISCUSSION

Kazuhiro Mori
University of Tokyo

Tokyo J Japan

1

.

As to the ergpirical method

The so-called m -correction has been proposed after quite

same considerations as you have mentioned. If we were to use the

kernel which depends on the speed of the ship, the calculations would
get very complicated , such a method is quite useful.as shown in our
paper, for hull form design.

2. As to the discrepancy in the amplitude functions

It is true that the B/L is not that large and wave-breaking
may not occur. You pointed out as a main reason for the discrepancy,
the effect of boundary layer, however we must remenber that the

w^ave -making resistance obtained from analyzed source agrees with
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that obtained from towing test (Figure 25 and Figure 26). So the dis-

crepancy in amplitude functions between the present method and wave
pattern analysis corresponds to the discrepancy between C^ obtain-

ed from towing test (C^) and that given by wave pattern analysis

(C^). In Figures 25 and 26, A denote C^ .

As to the causes for this discrepancy between C^ and C^ ,

we can mention first the failure of the wave pattern analysis method
(longitudinal cut method) itself. The value of C^ itself varies with

y (the distance of the parallel cut line from the center line). Second,
the magnitude of the discrepancy between C^ and C-^ is proportion-
al to FrP, not to Fir , in medium speed range, this means that this

discrepancy is related to some characteristic of the wave height. We
thus raentioned the wave-breaking as one possible reason, together

with the non-linear wave height reduction with distance in this term.

Of course the wake or boundary layer effect cannot be neglect-

ed, and should be considered in further studies.

3. As to line integral contribution

Our investigations made clear that the second order contri-

bution of the boundary condition is not so large and we reach the con-

clusion that the line integral contribution must be taken into account.

From Green's theorem and free surface condition, the velo-

city potentiel 4> at P can be given as follows

•'•/ cOivx

-^ n^(P) .^G(P,Q) -G(P,Q)^ 4>(Q)
I

dy (A)

In the existing theory we take into account only the first

term and neglect the second term which is the so-called line integra-

tion.

Figures 1 ~ 4 show the contribution of the second term

nj the existing theory, namely the contribution of first term only ;

(Z^ the contribution of line integration, namely the second term ;

CD Q-) "*" ^) ' J^^-'^ely the left hand side of Equation^);
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(4) wave analyzed result.

As to [ZJ , Figures 1 and 2 present calculated results from
theoretical wave height and Figures 3 and 4 are obtained from measur-
ed wave height.

The calculation is only a preliminary one and concerns only

amplitude functions, but we can see striking agreements between (3)
and (4) . This suggests that the neglect of the contribution of the line

integral was the most predonninant cause of error.
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DISCUSSION

Louis Landweber
University of Iowa

Iowa City^ Iowa, U.S.A.

The intensity of a ship's centerplane source distribution is

related to the ship -side wave profile by an integral equation of the

first kind. Since the strength of the source distribution is assumed to

be independent of the depth coordinate, which is not true in general,

the solution of the integral equation can yield only an approximation

which matches well the ship-side wave profile, but not necessarily

the far -field wave pattern, and hence the amplitude -distribution funct-

ion and the wave resistance.

The assumption of thin-ship theory in the derivation of the

integral equation seems unnecessary. It would be more accurate to

apply the expression for the ship- side wave profile at the actual later-

al coordinate of the hull than at the centerplane, as can equally well

be done.

In their reply to Brard's discussion, the authors have shown
that the agreement between the wave amplitude function from a lon-

gitudinal cut and from the ship -side wave profile is greatly improved
by including the contribution from a line integral of singularities

around the contour of the intersection of the hull with the free surface.

Since the discussor has shown in his paper for the 40th Anniversary

NSMB Symposium that this line integral can be transformed into an

integral over the surface of the hull in such a way that the resulting

system of singularities consists only of a source distribution on the

hull surface, it would be interesting to know more precisely what sin-

gularities were assumed along the contour and how their strengths

were obtained.
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REPLY TO DISCUSSION

Kazuhiro Mori
University of Tokyo

Tokyo 3 Japan

It is true that the solution of the integral equation can yield

only an approximation because the source density is assiimed to be

independent of the depth coordinate, but the wave pattern calculated

from the obtained source (Figure 23) shows the rather well agreement
with the measured one (Figure 20). Moreover the wavemaking resist-

ance which is calculated in the same way agrees well with the results

of the towing tank test (Figures 25, 26). This is the reason why the

hull-side wave analysis is adopted here to find out the effective wave-
making source of a ship rather than far -field analysis. Besides it is

conformed that the variation of the source to the depth direction is

small.

As for the second comment, the ship-side wave profile, in

this paper, is calculated at the actual lateral coordinate of the hull,

as Professor Landweber has mentioned.

From the Green's theorem and the free surface condition,

the velocity potential can be written.

here, S stands for the hull surface and C the real hull water line

respectively. The second terna is the line integration, which is com-
posed by sources and doublets on Z = .

At the first step, assuming that the contribution of the first

term is equivalent to the center plane source, the velocity potential of

the first term is calculated. Next, using the first step values, the

contribution of the second term can be calculated. This may be the

iterative raethod to solve the integral equation. Figure A shows the

results of this calculation. Though the iteration has done only once,

the sum of the both terms shows the fairly well agreement compared
with the results of the wave -analysis.
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WAVE-INDUCED EDDIES AND "LIFT" FORCES
ON CIRCULAR CYLINDERS

R. L. Wiegel and R. C. Delmonte
University of California

Berkeleyi Califomiay U.S.A.

ABSTRACT

The frequency of eddies formed by and shed in the

lee of bluff bodies in steady flow is well known, and
to a lesser extent the associated "lift" forces have
been studied and are reasonably well understood. The
problem is more complicated in oscillatory flows

such as exists in water waves. Results of studies are
presented for the case of a vertical circular cylinder
which pierces the water surface. The value of the

Keulegan-Carpenter number (Nqjt) in correlating the

"lift" forces with the flow and cylinder parameters
is shown. For higher values of Nqj^ it is found that

the oscillatory flow tends to some extent to the stea-

dy state flow condition insofar as the "lift" forces
are concerned. How^ever, owing to the fact that in os-

cillatory flow the"wake" becomes the upstream flow,

with eddies the same size as the cylinder, it is always
more complicated. The "lift" forces are irregular
for higher values of Nqj^ and should be described
by a distribution function ; examples of such func-

tions are given.

INTRODUCTION

The formation of eddies in the lee of a circular cylinder in

uniform steady flow normal to the axis of the cylinder has been studi'
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ed by a number of persons (see, for example, Laird, 1971). It has

been found that the relationship among the frequency (cycles per se^

cond) of the eddies, f^ , the diameter of the cylinder D and the

flow velocity V is given by the Strouhal number Ng ,

19 7 *e°

where Nrj is the Reynolds number, VD/u ,in which i-is the kinema-
tic viscosity. Except in the range of laminar flow, the Reynolds num-
ber effect in this equation can be neglected. For flow in the sub-criti-

cal range (Nd less than about 2. x 10 ), there is a considerable
variation of N ; in fact, it is most likely that a spectrum of eddy
frequencies exists (see Wiegel, 1964, p. 268 for a discussion of this).

Extensive data on Ng at very high Reynolds numbers, as well as

data on Cq (Figure 1) and the pressure distribution around a circular
cylinder with its axis oriented normal to a steady flow, has been
given by Roshko (1961) for steady flow. Few data are available on the

resulting oscillating transverse forces. Cq is the coefficient of

drag in the equation

^D = T ' ^D
^^'

(2'

where F-. is the drag force, p is the mass density of the fluid,

A is the projected area of the cylinder and V is the speed of flow

of fluid relative to the body.

What is the significance of N for the type of oscillating flo'w

that exists in wave motion ? The horizontal component of water par-
ticle velocity is

ttH cosh 2 tt (y + d) /L 2 tt t^
-r—^— cos

T sinh 2 w d/L T
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For deep water the horizontal component of water particle velocity is

approximately u = ( ttH/T) cos Zirt/l at y = 0. An average of u

can be used to represent V ; i. e. , V ~ ^ave ~ ^ H/2T , where
u is the "average" horizontal component of water particle velocity

due to a train of waves of height H and period T. For at least one

pair of eddies to have time to form it can be argued that it is neces-
sary for T > l/fg « 2 DT/ tt H Ng , if N « 0. 2, H > 10 D/tt .

Keulegan and Carpenter (1958) studied both experimentally and
theoretically the problem of the forces exerted on a horizontal circu-
lar cylinder by an oscillating flow. In their experimental work the os-
cillations were of the standing water wave type, created by oscillating

a tank of water. The cylinder was placed with its center in the node
of the standing wave so that the water motion was simply back and
forth in a horizontal plane. The axis of the cylinder was normal to the

direction of flow (i. e. , parallel to the wave front), and about half way
between the water surface and the bottom. They found that C-q (and

Cjr) depended upon u.j^3,x "^ /^> (the Keulegan-Carpenter number
Nj^q) , where u = ^^^^y^ cos 2 7rt/T. They observed that when Nj^q
was relatively small no eddy formed, that a single eddy formed when

^KC '^^s about 15, and that numerous eddies formed for large values
of the parameter. It is useful to note that this leads to a conclusion
similar to the one above. For example, if one used the deep water
wave equation for Uj^^^^^ = ttH/T, then u^^iax T/D > ttH/D > 15 ,

and H > 15D/7r for one eddy to form.

It appears from the work described above that a high Reynolds
nunnber oscillating flow can exist which is quite different from that

which occurs in high Reynolds number steady rectilinear flow, unless
the wave heights are larger than the diameter of the circular cylinder.

Even then, owing to the reversing nature of the flow, the "wake" dur-
ing one portion of the cycle becomes the approaching flow during an-
other portion of the cycle. It is likely that Nj^q is of greater signi-

ficance in correlating Cq and Cj^ with flow conditions than is Nj^

(Wiegel, 1964, p. 259), and that the ratio H/D should be held cons-
tant to correlate model and prototype results, or at least should be
the appropriate value to indicate the prototype and model flows are in

the same "eddy regime" (see Paape and Breusers, 1967, for similar
results for a circular cylinder and for a flat plate oscillating in water).

In studying forces exerted by waves on circular cylinders one
usually uses the equation developed by Morison, O'Brien, Johnson
and Schaaf (1950). For a cylinder with its axial normal to the direc-
tion of wave advance the horizontal component of force per unit length
of cylinder is given by
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F, = F^, + F^,
h Dh Ih

(4)

with

F^, = -:- P C_ D
Dh 2 D (5)

and

_ ttD ^u
^Ih ^ ^^M ^ 'W (6)

where u u is used rather than u to account for direction of

flow. F-pji is the horizontal drag force per unit length of cylinder,

^Ih ^^ ^^^ horizontal inertia force per unit length of cylinder, Cw
is the coefficient of mass, Ct-j is the coefficient of drag, D is the

cylinder diameter. 3u/ ^t is used in place of du/dt when the dia-

meter of the cylinder is sfhall compared with the wave length.

When the Keulegan-Carpenter number is sufficiently large

that eddies form, an oscillating "lift" force will occur. For a verti-

cal pile the "lift" (transverse) force will be in the horizontal plane
normal to the direction of the drag force. Few data have been publish-

ed on the coefficient of lift, C^ > foi" water wave type of flow
(Chang, 1964 ; Bidde, 1970 ; 1971). In uniform rectilinear flows it

can be as large as Cjq , although there are few results available
(Laird, 1961). The horizontal "lift" force per unit length of cylinder
is given by

Lh = T- "^l" (7)

where C^ is the coefficient of "lift".

Photographs taken of flow starting from rest, in the vicinity
of a circular cylinder for the simpler case of a non-reversing flow,
show that it takes time (the fluid particles must have time to travel a
sufficient distance) for separation to occur and eddies to form (Rouse,
1946, p. 240). The effect of time on the flow, and hence on Cj) and
C|^ has been studied by Sarpkaya and Garrison (1963 ; see also
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Sarpkaya, 1963). A theory was developed which was used as a guide

in analyzing laboratory data taken of the uniform acceleration of a

circular cylinder in one direction. Figure 2 show^s the relationship

they found between Cq and Cj^ , which was dependent upon / /d,

where i is the distance travelled by the cylinder from its rest po-

sition and D is the cylinder diameter. They indicated "steady state"

(i. e. , for large value of I /D) values of Cq =1.2 and Cj^ =1.3.

The results shown in Figure 2 are different than those found

by McNown and Keulegan (1959) for the relationship between Cj) and
Cj^ in oscillatory flow. They measured the horizontal force exerted

on a horizontal circular cylinder placed in a standing water wave,
with the cylinder being parallel to the bottom, far from both the free

surface and the bottom, and with the axis of the cylinder normal to

the direction of motion of the water particles. The axis of the cylin-

der was placed at the node of the standing wave so that the water par-

ticle motion was only horizontal (in the absence of the cylinder).

Their results are shown in Figure 3. Here, T is the wave period

and T is the period of a pair of eddies shedding in steady flow at

a velocity characteristic of the unsteady flow. The characteristic

velocity was taken as the maximum velocity. They found that if

T/Tg was 0. 1 or less, separation and eddy formation were relati-

vely unimportant, with the inertial effects being approximately those

for the classical unseparated flow, and if T/T was greater than 10,

the motion was quasi- steady.

"LIFT" FORCES EXERTED ON A VERTICAL PILE BY PROGRES-
SIVE WATER WAVES

Water Particle Motion and Eddies

Studies in the Hydraulic Laboratory of the University of Cali-

fornia have been made by Bidde (1970, 1971) for the case of "deep
water" and "transitional water" waves acting on a vertical "rigid"*

* The problems associated w^ith a flexible pile are more compli-
cated, owing to interaction of the pile motion and the formation of

eddies. The reader is referred to the work of Price (1952) and Laird

(1962, 1965) for details. The problem of an array, with the fluid

flow - eddy interactions is also more complicated, and the reader is

referred to papers by Laird and his colleagues for details on this

subject (I960, 1963).
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circular cylinder which extended from near the bottom through the

water surface. For this case the undisturbed water particle motion
was not simply a rectilinear back and forth motion, but the water par-
ticles moved in an elliptical orbit in a vertical plane, so that they were
never at rest. Furthermore, any eddies that formed were affected by
the free surface at the interface between the air and water. The hori-
zontal component of water particle velocity is given by Equation (3),

and the vertical component by

_ TT H sinh 2 TT (y + d) /L 2 tt t ,

V - —7= -.—;

—

TTZ sm ——

—

(8)T sinh 2 tt d/L T ^ '

2 2 2
In deep water the water particle speed, q = u + v , is given by

q = TT H/T (9)

at the surface. Thus, the speed remains constant in deep water while
the particle continuously changes direction. It is more complicated in

transitional and shallow water. An example of the water particle path
is shown in Figure 4. There is little reason to expect that eddies
formed in such a flow would have the same characteristics as those
formed in simple oscillating flow.

One of the most crucial factors in oscillating flow of this type
is the fact that the wake formed during one portion of the cycle be-
comes the upstream flow in another portion of the cycle (the paper by
Laird, Johnson and Walker, I960, is useful in gaining some under-
standing of this problem), and little is known of the water particle mo-
tions under these conditions. When eddies, form, they appear to be of

about the sarae size as the pile. In this regard it is interesting to

refer to an observation made by Bacon and Reid (1923) in some studies

of fluid forces on spheres. They found that if the scale of the turbu-
lence was small compared with the diameter of the sphere, Reynolds
number was a good criterion, but if the grain were coarse, then
Reynolds number no longer served even as an indicator.

During the first stages of the study by Bidde, immiscible fluid

particles with the same specific gravity as the water were made of a
mixture of carbon tetrachloride and xylene, with some zinc oxide
paste added to make the particles easily visible. The fluid was inject-

ed into the water by means of a long glass tube which had a rubber
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bulb mounted at one end. The other end of the tube was heated and

drawn to make the tip opening the desired size. Stereophotographic

sets were taken of the trajectories of these tracer particles, and a

computer progrann (Glaser, 1966) was used to calculate the space

position of them. However, it was found to be too difficult and lengthy

a job to pursue.

Owing to the difficulty described above, a description of the

wake regime was developed by Bidde which was based upon his ob-

servations of the water surface characteristics, using magnesium
powder sprinkled on the surface in the vicinity of the pile. An exainple

of the relationship between the wake characteristic and the wave

height, with the wave period being held constant is given in Table 1

together with the values of Nj^ and Npr^. Similar tables were con-

structed for a number of wave periods. The generalized results are

shown in Figure 5. It was found that Nj^q correlated reasonably

well with the different regimes of the surface wake characteristics.

When Nprp. was about 3, one or two eddies formed, when its value

was about 4 several eddies formed and shed, having the appearance

of a von Karman vortex street, when it was 5-7 the wake started to

become turbulent, and when it was larger than 7, the wake became
quite turbulent, and the turbulent mass of water swept back and forth

past the pile. Using the concept described previously, H > about

SD/tt , that is, the wave height should be about equal to one pile

diameter. As will be shown later, this was found to be the case for

two piles, one about four times the diameter of the other.

The Reynolds number was between 4, 000 and 7, 000 for the

values of the Nj^q when the wake became quite turbulent with no de-

tectable von Karman vortex street.

A similar phenomenon occurs in steady flow for Nj^ greater

than 2,500, according to Rouse (1963). He states that for Nj^ greater

than this value a trail as such can no longer be detected. Rouse fur-

ther states that the body continues to be subjected to alternating "lift"

forces, but that each vortex becomes progressively more unstable

during its fornaation with a resulting wake that consists of a hetero-

geneous series of eddies.

" Lift" Forces (Bidde)

When eddies form, in addition to their effect on the longitudi-

nal drag and inertial forces, "lift" forces are also exerted on the

cylinder. For a vertical cylinder these lift forces act horizontally,

but normal to the longitudinal forces (longitudinal being in the direc-

tion of wave motion), and should miore properly be referred to as

769



Wiegel and Delmonte

Table 1. Observation of surface characteristics of eddies (From
Bidde, 1970, 1971)

Water depth = 2. ft, cylinder diameter = 1-5/8",
Wave period = 2.0 seconds
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transverse forces. Examples of waves, "lift" forces and longitudinal

forces are shown in Figure 6 for three different values of Nj<^q

(3.2, 6.2 and 10.2). The terms "top" and "bottom" associated
with the lift and longitudinal forces refer to the forces measured by
the top and bottom strain gages on the transducer ; the total "lift"

and total longitudinal forces are the sums of the outputs of the top and
bottom gages.

There is agreement between the visual observations described
previously and the force measurements. Figure 6a shows a set of

records for a Nj^q of 3. 2. The "lift" force has just begun to be non-
zero. For this value of Nj^q the first eddies develop and shed. The
eddy strength is probably very small so that the "lift" force recorded
is negligible. The "lift" forces for this case have a frequency which
is about the same as the wave frequency. This might be due to the

fact that the flow is not perfectly symmetrical. The horizontal com-
ponent of velocity in one direction (wave crest) are slightly larger

than those in the opposite direction (wave trough), and for the thres-
hold condition the eddies only shed for one direction of the flow. The
Keulegan-Carpenter number is 6. 2 for the run shown in Figure 6b.

The eddy is distinct, and the frequency of "lift" forces is approxi-
mately twice the frequency of waves. This shows that there is time
only for two eddies to shed in each direction. The "lift" forces are
about 25% of the longitudinal force. The wake is not yet completely
turbulent, and the lift force records show a more or less regular pat-

tern. The Keulegan-Carpenter number for the run shown in Figure 6c

is 10.2. The wake is fully turbulent. The transvers ("lift") force

record appears to be random. The ratio of maximum "lift" to maxi-
mum longitudinal force is about 40%.

An equation for "lift" forces is given by Equation (7). Use of

this equation leads to difficulties as the time history of the force does

not necessarily vanish when u goes through zero owing in part to the

inertial force. Thus, very large values of Ct can be calculated from
the laboratory measurements. This difficulty can be overcome par-
tially by defining the relationship only for maximum values of the force

as

^^Lh^ max 2 ^ ^L max
u) D. (8)max

Chang (1964) found values of Cl between 1. and 1. 5 for value

Nj^Q greater than about 10.
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In the study by Bidde the ratio of "lift" to longitudinal force

was used as a basic parameter rather than C-^ as this parameter is

comparatively less sensitive to any systematic errors in the instru-

mentation used to measure the forces, as similar errors would be

present in both "lift" and longitudinal force measurements, and these

errors would have a certain tendency to cancel out. Some of the data

are shown in Figure 7 of the relationship between the wave height and
the ratio of "lift" force to longitudinal force.
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Bidde reported he was not able to compare his results direct-

ly with those of Chang (1964), as Chang gave his results graphically

^s (Cl) rnax ^^ ^KC ^^^ (^l) max ^^ ^R ^^^^ ^° values of

(^d) max- However, Chang' s graph of (Cl) ^nax ^s Nj^c showed

(Cl) max *° approach zero for Nj^q of about 5, and approach a
value of 1.0 at about Nj^q = 20.

" Lift" Forces (Present Study)

The work of Bidde described above was continued by the wri-
ters, to determine the effect of large values of Nj^q on the ratio of

"lift" forces to longitudinal forces. The results for the 1-5/8 inch

(O. 14 ft.
)
pile are reported herein. Tests were made for conditions

that approximately modeled large scale tests which will be described
subsequently. The pile was carefully checked to determine its sen-
sitivity to direction and location of resultant force through a series

of calibrations.

Aluminium powder and flour were sprinkled on the water
surface to help in visualizing eddies. However, owing to the high

values of Nj^q (15 to 90) and high Nj^ , the wake was very tur-

bulent and no distinct eddies were observed.

The crest to through distances for thirty consecutive "lift"

forces were measured, while the crest to trough distances for only

four consecutive longitudinal forces were measured as the longitu-

dinal forces were quite uniforra. The ratios of the averages of these
two sets of data were plotted on Figure 8 (labeled UCB 1972), and
tabulated in Table 2.

The Coastal Engineering Research Center ( CERC ; formerly
the Beach Erosion Board, BEB ) , U.S . Army Corps of Engineers,
kindly lent to the writers the original records of forces exerted by
waves on a vertical pile that were obtained by Ross * (1959) in their

large wave tank (635 feet long by 15 feet wide by 20 feet deep). The
active section of the test pile was 3. feet, with a dummy pile below
and above the active section (Figure 9). The outside diameter of the

pile was 1. 06 feet. Data were not plotted in the form shown in Fi-

gure 7, as the miniraum wave height used in these tests was greater

*Run numbers on original data rolls and those reported in T. M.
Ill are not the same. See letter of 16 September 1971 from John C.

Fairchild of CERC to Robert L. Wiegel of UCB for code.
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Neided ring

Moving bulkhead

wave generator
12-inch pipe line--,.^

Wave gage on platform"

Wave gage on side

of tank

— Still water level

Wave gage on side of tank
"-^ Wave gage on platform— 3' sensitive section

Dummy piles used in some tests

fl
\--

-Rubber sieve

Gap
Stop

Arm to support sensitive

section of 12" pipe

Hole in 10" pipe for arm

— Bending arm

SR-4 Stigin gage

— Diaphragm

10" pipe

1-055"
- 12" pipe

(a) DIAGRAM OF WAVE TANK

Section A-A

(b) DYNAMOMETER FOR MEASURING WAVE FORCE

Figure 9. BEB arrangements (Ross, 1959)

than twice the pile diameter so that the "lift" forces were always
substantial compared with the longitudinal forces. Longitudinal and

"lift" forces were measured for waves with periods from 3. 75 to

16. seconds and heights from 2. 1 to 7. 7 feet. The two sets of

data labeled "BEB data, 1972 analysis" in Figure 8 are ratios of

forces per unit length of pile, using the average of four consecutive

waves for one set, and the maximum of the four waves for the second
set. Representative examples of the BEB data are given in Table 3.

Owing to the manner in which Bidde analyzed and reported his

data, it would be expected that they would lie between the maximum
and mean values obtained by the writers for the same Nj^q. If this

is the case, it appears that Bidde reached the value of Nj^q that

divides the regime from a strong dependence of the ratio of lift to

longitudinal force upon Njtq to one in which it is essentially inde-

pendent of Np^Q.

Bidde found for the smaller diameter ( 1-— inch) pile that Nr>
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appears to be as good a parameter for correlation purposes as Nt^q.

However, N-d fails to correlate well with the ratio of "lift" to longi-

tudinal force when the values of the larger pile are compared with
those of the smaller pile. For the smaller pile the minimum value of

Nd at which eddies form is about 0. 5 x 10''^
, whereas it is 2. 5 x

10^ for the larger pile. For the same conditions the value of Nj^/-.

is 3 to 5 for both the piles. The UCB(1972) and BEB(l972
analysis) data reported herein seem to show an effect of Nj^.

When the oscillating flow is such that the Nj<;^q becomes large,

one might expect the ratio fo "lift" to longitudinal forces would ap-
proach the values obtained for steady rectilinear flows. The writers
were not able to find many data in the technical literature, however.
The results they found have been plotted in Figure 8 (Bishop and
Hassan, 1964 ; Humphrey, I960 ; the two sets of curves labeled Fung
and Macovsky were drawn from data attributed to them as they ap-
peared in Humphrey's paper). These points were obtained by calculat-

ing the ratios of Cl to Cq from the values of the two coefficients

given by the investigators.

Although it is evident that rauch work remains to be done before
the problem is solved, it is clear that an engineer must consider a

rather large "lift" force as well as a longitudinal force in his design.

If tests are raade with piles of two different sizes, and com-
plete geometric similarity conditions are met, and the Froude model
law is adhered to, it can be shown that the "prototype" and "model"
Keulegan- Carpenter numbers will be equal, but that the Reynolds
numbers will not be equal. All geometric scale ratios must be the

same, however. For example, in Figure 10 records obtained by Bidde
of waves and forces for the 1. 63 inch (O . 14 ft. ) and the 0. 5 ft.

diameter piles are reproduced. The wave height ratio is the same as
the pile diameter ratio, and the wave period ratio is the square root
of the pile diameter ratio. However, the water depth was the same in

both cases, so that complete geometric similarity was not obtained.

Note how different are the two sets of waves and forces. The records
in this figure, and in Figure 11 show another interesting feature.
There is not a "one to one" correlation of the wave to the "lift" force
time series. Rather, the "lift" forces occur in bursts, with intervals
of very small forces in between.

Comparative records are given in Figures 12-14 for the UCB
1972 and the BEB experiments. Froude modeling was used and com-
plete geometric similarity was maintained. Chving to difficulties with
the equipment, the ratio of wave heights was not quite correct for the
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DATA SOURCE
TEST NUMBER
PILE DIAMETER . ft.

WATER DEPTH . ft.

WAVE PERIOD . sec.

WAVE HEIGHT , ft.

MAX. LI FT- LONG. FORCE RATIO

U.C.B.

4
0.14

1.85

2.00
0.68
54%

B.E.B.

21

1.06

14.5

5.6

5.2

43 %

I
U.C.B. RECORDS

I

LONGITUDINAL FORCE

WAVE

BOTTOM GAGE

TOP GAGE \AAMAAAAAAMA
LIFT FORCE

WAVE

BOTTOM GAGE

*—CREST

-.—TROUGH

I

TOP GAGE >V^V-^KWVM/-^p^*»V'g^^^vy^^

B.E.B. RECORDS

LIFT FORCE

LONGITUDINAL
FORCE

WAVE
CREST

-TROUGH

Figure 12. Comparison of UCB (1972) records and BEB records for

^CK ^-^ a-bout 25
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DATA SOURCE
TEST NUMBER
PILE DIAMETER . ft.

WATER DEPTH , ft.

WAVE PERIOD , sec.

WAVE HEIGHT , ft.

MAX. LI FT- LONG. FORCE RATIO

U.C.B.

5

0.14

1.79

4.05

0.64

5 I %

B.E. B.

39
1.06

14.0

I 1.33

4.2

63%

U.C.B. RECORDS LONGITUDINAL FORCE

WAVE

BOTTOM GAGE

CREST

-TROUGH

TOP GAGE

WAVE

BOTTOM GAGE

LIFT FORCE
CREST

.TROUGH

TOP GAGE ff^'^^^'^'y^^r^^

B.E.B. RECORDS

LIFT FORCE

LONGITUDINAL th^
FORCE

WAVE
-CREST

•-TROUGH

Figure 13. Comparison of UCB (1972) records and BEB records for

^KC of about 42 for the UCB and 35 for the BEB runs
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DATA SOURCE
TEST NUMBER
PILE DIAMETER ,

ft.

WATER DEPTH , ft.

WAVE PERIOD , sec.

WAVE HEIGHT , ft.

MAX. LIFT-LONG. FORCE RATIO

U.C.B.
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runs shown in Fig. 13, however. The lengths of the waves used in the runs

shown in these figures were all rather long compared with the water depth,

and were quite non-linear. The run shown in Figure 14 was chosen to show

the worst comparison that was obtained, which was for the case of the

mostnonlinear wave tested.

" Lift" Force Distribution Function

Referring again to Figure 6c, it appeared to the writers that

a "lift" force distribution function would be useful. Owing to this,

some "lift" force records were analyzed in detail. The method by
which this was done is shown in Figure 15. The "lift" forces for 30

consecutive force oscillations were measured for each of 10 runs.

Total "lift" forces (the sum of the outputs of the top and bottom strain

gages) were measured. The characteristics of the waves in these

runs are given in Table 2. The characteristics of representative

examples of the BEB data are given in Table 3. The distribution

functions are shown in Figure 16.

Figure 15. Method of analysis of "lift" force records, UCB 1972
force measured from crest to following trough

" Lift" Frequencies

Chang (1964) stated the frequency of the "lift" forces was twice

the wave frequency. However, an examination of the sample records
reproduced in his report showed that for a pile diameter of 0. 083

foot, and a wave period of about two seconds, the "lift" force became
irregular as the wave height was increased. One record showed the

average "lift" frequency to be about three times the wave frequency.
The writer's data showed that "lift" frequency to become quite irregu-
lar, as was the case of Bidde's data for a number of runs (see Figure
6c, for example). The BEB data showed the "lift" force frequencies
varied from about 1.3 to 6 times the wave frequency.

Irregular Waves

Waves in the ocean are irregular. Irregular waves can be ge-
nerated in the laboratory using a wave piston type generator. An
example of such waves, together with the induced longitudinal and lift
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forces is given in Figure 17 (Bidde 1970). It is suggested that as an

approximation the case for regular waves can be extended to the case

of two dimensional random waves. For example, the highest wave in

Figure 17b has a height of 0. 3 ft. Using linear theory, Nj^q for this

wave (the wave "period" is about 1. 1 second) can be calculated, and

is approximately 7. 0. One would then estimate the ratio of "lift" to

longitudinal force to be about 15 to 20%.

Waves in the ocean are three dimensional, having a direction-

al wave spectrum. This presents a much more difficult problem than

the case of an irregular system of two dimensional waves. Some work
has been done in trying to analyse field studies made in the Gulf of

Mexico by consortium of oil companies (Schoettle, 1962 ; Blank, 1969).

The results of this attempt to analyze the field data to obtain informa-

tion on "lift" forces was unsuccessful (Abdel-Aal and Wiegel, 1971).

CONCLUSIONS

The Keulegan-Carpenter Number appears to te a useful para-

meter to predict the ratio of "lift" to longitudinal wave induced forces

in a regular system of two dimensional waves. For the case of a ver-

tical pile piercing the water surface, "lift" forces start to occur for

values ,of Nj^c between 3 and 5, with the ratio of "lift" to longitu-

dinal force increasing rapidly with increasing Nj^q to a value of

^KC *-*-^ about 15 to 20. The ratio then remains about constant, or

perhaps decreases to some extent with increasing Nj^q.

The value of the ratio of "lift" to longitudinal force, for Nj^q

greater than about 20 appears to be similar to the ratio of Cl/Cq
for one directional steady flow.

For the higher values of Nj^q the "lift" force becomes irre-

gular and should be described by a distribution function.
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DISCUSSION

Choung M. Lee
Naval Ship Reseavch and Development Center

Bethesdaj Maryland^ U.S.A.

Perhaps I should direct this question to Keulegan anc Carpenter
themselves, but since Professor Wiegel seems to have much expe-
rience in Keulegan number, I would like to ask one question. Keulegan
number is fornned by the maximum fluid velocity which is multiplied

by the period of the flow and divided by the diameter of the circular cy-
linder. For a periodic fluid motion the maximum velocity can be simp-
ly converted into a product of the amplitude and the frequency which is

equal to 2 tt times the amplitude over the period. Then the Keulegan
number becomes the ratio of the amplitude of the oscillation of fluid to

the diameter of the cylinder. This means that the Keulegan number is

independent of frequency. It is a puzzle to me that all the forces act-

ing on the circular cylinder only depend on the ratio of the amplitude
of oscillation of fluid to the diameter of the circular cylinder. I believe

that there must be a physical reason for such a phenomenon. I would
appreciate Professor Wiegel' s comment on this remark.

REPLY TO DISCUSSION

Robert L. Wiegel
University Of California

Berkeley J California^ U.S.A.

One can make use of the wave equation, calculate the actual
excursion of the water particle motion, and what one comies up with
is a ratio of the distance that the water particle moves to the diameter
of the pile. If you have water waves it is very simple to show that the
controlling number there is probably only the ratio of wave height to
the diameter. You are correct. I hope I put this in my Paper ; if not,
I should have, because it is not really the time, it is the distance along
the boundary that the fluid must move in order for the boundary layer
to form and for the vortices to form, and so forth. So the time is
really only used to calculate how far it has moved. I hope that has
answered your question and I see that you indicate that it has.
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ANALYSES OF MULTIPLE-FLOAT-SUPPORTED
PLATFORMS IN WAVES

C .H. Kim and J. A. Mercier
Stevens Institute, of Technology

Davidson Laboratory
Castle Point Station

Hohoken^ New Jersey, U.S.A.

ABSTRACT

Results of several studies of the behavior of floating

platforms in waves are presented. The contents of

these studies may be briefly summarized :

MOTIONS RESPONSE OF A RELATED SERIES OF
THREE AND FOUR FLOAT PLATFORMS
Transfer functions relating heave and pitch motions

to incident waves have been used together with assum-
ed (Pierson-Moskowitz) wave spectra to derive di-

mensionless spectral response information for these

motions in waves as a function of significant wave
1/3

height divided by (displaced volume) ' . The depend-
ence on float slenderness, damping plate (or footing)

size and metacentric height are presented in Rgures
and Tables.
SOME PROBLEMS OF THE HYDRODYNAMIC INTER-
ACTION BETWEEN TWO FLOATING BODIES IN
BEAM SEAS
An analysis is given of both wave- and motion-induc-

ed forces and moments on the individual bodies of a

rigidly - connected twin - cylindrical body floating in

beam seas. The influence of the hydrodynamic inter-

action effect on the sway-exciting force was found to

be quite remarkable . The diffracted and radiated waves
were evaluated and related to wave and damping forces

and moments.
Numerical calculations were carried out of some
hydrodynamic characteristics of interaction between
two different cylindrical bodies floating in proximity

in beam seas.
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SLENDER VERTICAL FLOATS ISOLATED PERFOR-
MANCE AND INTERACTION EFFECTS FOR LARGE
ARRAYS
Relatively simple analytical procedures provide sa

-

tisfactory description of the heave response of slender
vertical floats to waves. It is found that viscous ef-

fects must account for most of the heave damping for

such slender floats and that it is advisable to introduce
specially-engineered damping devices to control re-
sonant heaving motions

.

Force and motion studies of a large array (210 ele-

ments) of slender floats reveal important interaction

effects on wave-induced forces and, especially, heave
motions. A satisfactory theoretical explanation of

these effects is not yet available but a continuing em-
pirical investigation is planned.

INTRODUCTION

This paper presents results for a somewhat "mixed-bag" of

studies of the hydrodynamic performance of floating platforms in

waves. The nature of these investigations range from systematic ex-
perimental determinations of the performance of multiple float sup-
ported platforms in irregular seas to rather sophisticated theoretical

evaluations of the behavior of two cylindrical bodies in beam seas and
to a combined theoretical and experimental study of an unusual con-
cept for a large expandable floating platform.

The several studies are related because they all deal with

floating configurations with zero nominal speed through the water. Two
of the studies deal with the important problems of hydrodynamic inter-

actions, although the nature and extent, as well as the modes of in-

vestigations of the interactions, differ significantly.

These studies represent a significant portion of the extensive

research and development work which has been done on ocean plat-

form behavior at Davidson Laboratory in recent years. They do not

relate specifically to ad hoc testing and evaluation of drilling plat-

forms and similar craft, but it is hoped (and anticipated) that the find-

ings reported will prove to be useful for practical design purposes.
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Each of the studies is prefaced by a section giving the back-
ground of the work done. A Brief summary of the investigations has
been given in the Abstract of the paper.

Nomenclature for the three parts of the paper is, unavoidable,

not completely uniform. The listings of symbols and their meanings,
in the Nomenclature section, are separated into three parts, one for

each of the studies.

The original model test program of the systematically-relat-

ed float supported platforms was supported by the U.S. Naval Air
Systems Comnaand. Further analyses of the original data have been
carried out by Davidson Laboratory.

The work on the theoretical evaluations of hydrodynamic be-
havior of two bodies in proximity was sponsored by the National

Oceanic and Atmospheric Agencies Sea Grant Program Office as part

of a continuing effort to improve prediction procedures for platform
motions.

The study of large arrays of slender vertical floats was under-
taken as a sub-contract to Goodyear Aerospace Corporation on a Pro-
ject which is being technically monitored by the Office of Naval Re-
search Ocean Technology Branch.
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MOTIONS RESPONSE OF A RELATED SERIES
OF THREE AND FOUR FLOAT PLATFORMS

BACKGROUND

In the early 1960's a substantial program of research and de-

sign analyses was undertaken on the concept of using slender vertical

floats to support water-based aircraft, thus providing a comfortable
and stable environment for crew and equipment. This work was sup-

ported by the United States Naval Air Systems Command under the

cognizance of E.H, Handler, whose review article on "Tilt and Vertic-

al Float Aircraft for Open Ocean Operations" describes the progress
of this concept up to 1966. Two early studies of particular significance

established the validity of the concept. In one of these studies two
PBM seaplanes [2] were tested in five-to-eight-foot high waves. One
of these craft was supported avobe the water surface by vertical floats

and was found to be quite comfortable while the crew of the convention-
al PBM soon became uncomfortable. The other investigation involved
a one-man helicopter which was equipped with tiltable floats L^J and
tested in heavy, choppy waves, reacting with slow and gentle motions.
Earlier model tests of this vehicle at Davidson Laboratory [4] led to

the introduction of horizontal plates at the lower end of the vertical

floats, which are found to be a vital feature in the effective employ-
ment of this concept.

In order to provide systematic design information for the dy-
namic performance in waves of these types of craft, results of a series

of vertical float configurations which have been model tested in ir-

regular waves to determine their response characteristics have been
described by Mercier [5] . Variations in the series include number of

floats, float spacing and slenderness, size of damping plate and mieta-

centric height, and heading of the vehicle relative to the waves. The
information developed may also be useful for other types of craft,

such as work platforms, research and range -tracking platforms, oil-

drilling rigs and possibly buoys, which can be configured with vertic-

al floats.

Float supported platforms may be envisioned with any number

* Superior numbers in text matter refer to similarly numbered
references listed at the end of this paper.
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of floats from one up. Single float platforms, such as the SPAR and

FLIP research vehicles will not, however, be considered here. Only

three and four-float supported platforms, applicable to air-sea craft,

are treated in this report. The four-float configurations are arranged

so that two of the floats support the main hull, and carry most of the

weight while the other two floats are attached to the wings, producing

a cruciform array. For the three -float configurations, all floats are

of equal size in an equilateral triangular array.

The total displaced volume of the floats must equal the vehicle'

s weight and static pitch and roll stability must be provided. Static

stability criteria usually follow naval architectural practice, measur-
ing stability by metacentric height. From this consideration then, the

float slenderness (waterplane area) and spacing are related to the ver-

tical center of gravity of the craft.

Descriptions of the elementary fundamentals of the dynamic
motions response of vertical float and "semi-submersible" platforms

have been outlined by Barr [6] , Julien and Carrive \l] , and most
recently and thoroughly by Hooft [s]. Considerations both of natural

frequencies and of minimization of wave excitation forces and/or
moments are of Icey importance in this regard. A more complete quan-

titative description of these considerations for heaving motions of

isolated floats is given in the present paper as part of the discussion

of the performance of closely-packed arrays of floats,

DESCRIPTIONS OF MODELS

Tests in irregular seas were conducted with variations of two

basic model configurations. One represents a cruciform array of floats

where two equal floats would attach to the aircraft fuselage and two to

the wings. This type of system was investigated by Ling-Temco-Vought
[9] for application to the XC-124A VTOL aircraft and by General
Dynamics/Convair [lo] for application to the PSA seaplane equipped

with hydro-skis. The second configuration uses three equal floats in

a triangular pattern. Such an arrangement has been planned by Boeing-
Vertol [ll] for application to the CH-46A helicopter.

Sketches illustrating the two basic configurations tested are

shown in Figures 1 and 2, The basic frames, to which the floats are

attached, are made of aluminum in a lightweight but rigid construc-

tion. The floats, which are interchangeable and liave adjustable spac-

ings, are made of low density (2 lbs per cu ft) closed-cell sytrofoam
with l/8-in thick aliminum plates on top to facilitate securing to the

frame. All floats used have a circular cylindrical body shape with a
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hemispherical end. Damping plates are attached, interchangeably, to

the lower end of the float in way of the junction of the cylindrical float

body and the hemispherical cap. These circular plates were made of

l/16-in plexiglass with a 60-deg included angle bevel on the periphery.
Model weight was selected to be 20-lb, resulting in model size suitable

for the available apparatus.

The location of the gimbal-box is such that the center-of-rotat-
ion corresponds to the center-of-gravity of the model for a particular

"average" set of floats and damping plates. It was felt that the influ-

ence on vertical center-of-gravity due to interchanging floats and damp-
ing collars would be negligible, being less than about 1/8 inch. Floats
are designed so that the height of the gimbal-center is a constant dist-

ance above the Stillwater level for all the float variants tested.

The miodel moments of inertia, about the pitch and roll axes,
were fixed using the "average" sets of floats and damping plates. While
changes in floats and float spacings may alter the model's pitch and roll

inertias by amounts up to about 3 per cent, the small changes may be
expected to approximate those which would be associated with corres-
ponding design modifications for full-scale vehicles.

The geometric characteristics of the models are given in

Table 1 for four-float (cruciform) configurations, and in Table 2 for

three-float (triangular) configurations. Also shown in these tables are
metacentric heights as computed according to the model design draw-
ings and as measured in separate tests. The computed and measured
values do not agree especially well, which is probably attributable to

small discrepancies in the manufacture of the styrofoam floats, which
would have an important effect on the waterplane inertias and, conse-
quently, on GM (especially for the low values of GM used here). For a

few cases where the GM was not measured, estimated values are enter-
ed in the table, and these are distinguished by being enclosed in par-
entheses.

The experiments were carried out in Davidson Laboratory Tank
No. 2 which is 75-ft square with a water depth of 4.5 ft. The motions
apparatus used to follow the model's motions and provide a means of

recording the six components of motion with a minimum of interference
has been described by Numata [l2] in an appendix to his paper on
"Hydrodynamic Model Tests of Offshore Drilling Structures." Tests
were carried out in irregular waves with a significant height of 2 inches.

RESULTS

Figure 3 shows a sample oscillogrami taken during a test run.
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The information obtained from the tests of twenty-five variations in

the configuration indicated in Tables 1 and 2 have been analyzed and
are presented in two different ways.

The transfer functions, relating waves and motion, are present-
ed in Reference 5 in a series of Tables, such as Table 3 given here,

as a function of the non-dimensional frequency parameter, a5'=a;VvV3/g

where w = frequency, V = average displaced volume of the vehicle,

and g is the acceleration of gravity. The displaced volume has been
arbitrarily selected as a useful measure of size for non-dinaensionaliz-

ing. These were derived by spectral analysis of the irregular sea mod-
el data using methods similar to those described in detail by Dalzell

and Yamanouchi [13] . The sampling interval used for data analysis,

0.25 sec, was sufficiently low to assure unamibiguous spectra, that is,

no "aliasing."

Only those spectral results for which the answers appear reas-
onable are included in the tabulations. Generally, the measure of reas-

onableness is taken to be the coherency and it is preferred that this

quantity should have a value of 0. 8, or greater. In a few cases, and in

some frequency ranges, the test results do not give such satisfactory

values of coherency and a judgment concerning the adequacy of a sample
of data has been made by a subjective interpretation of graphs of am-
plitude and phase versus frequency parameters. Examples of this type

of graph are shown in Figure 4 for the results of Test Run 002 (the

oscillogram for this run is shown in Figure 3). In this case the range
of frequencies for which the coherencies may be considered good is

rather wide, especially for the wave -heave correlation.

In Figure 4 and in the tables, the phase angles are positive when
the motion lags the passage of the wave trough by the craft's center-

of-gravity. Positive vehicle motions are taken as : surge forward,
heave downwards, sway to starboard, pitch bow-up, roll starboard

down and yaw bow to starboard, while the maximum positive wave el-

evation corresponds to a wave trough. Beana seas tests were conduct-

ed with waves approaching the craft from the starboard side while head
seas tests, of course, have waves approaching from the bow.

The non-dimensional angular motion is presented as the ratio

of motion (pitch or roll) to the naaximum wave slope, as expressed by
linear wave theory, co f/g. This is felt to offer some advantage in

interpolating the transfer function data for low frequencies - it being

realized that for zero frequency (static conditions) the craft m-ust as-

sume the slope of the wave, and the amplitude ratio must then be unity.

The phase of this motion is, however, reckoned relative to the wave
amplitude measurement, and must correspond to +90° (i.e., phase
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lag) for cj = 0.

Impulse response functions were obtained as the Fourier trans-

forms of the transfer functions in accordance with the theory first in-

troduced in ship motions by Fuchs and MacCamy [l4] , and more fully

developed by Cummins [l5] . Examples, again for Test Run 002, are
shown in Figure 5. Tables, such as Table 4 given here, are given in

Reference 5 for the twenty-five configurations tested. A comparison
of measured and calculated heave and pitch motions for a cruciform
model in head seas is given in Figure 6. The computations were carri-

ed out by the convolution integrals

z{T) - f k {yw-7)drJ z

and ""
1

/* ^^)

V -oo

where k and k„ are from Table 4

.

z 6

DISCUSSION

Transfer Functions

A comparison of the results of several test runs indicates the

influence of variations in the significant parameters. The transfer
functions, particularly the amplitude ratio, afford a convenient graph-
ical indication of the performance.

Heave responses for several cruciform models of Group A
(Table 1) are shown in Figure 7. The amplitude ratios are plotted
against the non-dimensional frequency parameter, To = oj^vy^/g . An
auxiliary chart is arranged beneath the frequency parameter, in which
the wave length corresponding to a particular craft displacement (long

tons of sea water) and frequency param,eter can be read. The displac-

ement range covered extends both above and below the usual aircraft

range, in case other types of platforms are to be considered. The
heave-wave relations shown in Figure 7 all have similar shapes, having
virtually no magnification or motion greater than wave elevation, and
a sharp fall-off in response above a certain frequency. The damping
plate size (which can be considered to be similar to the "footings" fitt-

ed to some drill rigs) appears to have the most influence on the heave
response for these configurations, but it must be noted that greater
variations in geometrical parameters could be adopted.
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Pitch response for the models of Group A is given in Figure 8.

The auxiliary wave-length-displacement chart is also shown beneath

this figure. An additional scale of wave length/ vV3= X/v V^ is added
to this Figure, which related to angular motions of the vehicle. This

is incorporated for these cases because the wave exciting moment
must be expected to be crucially dependent on the ratio of wave length

to float spacing. If the wave forces which act on the floats were purely

vertical, for instance, as is considered to be the case in the strip

theory of ship motions, it would be found that when the wave length

equalled the hull float spacing, the exciting moment would vanish since

wave crests would occur at each of the floats simultaneously, etc.

Table 1 shows the hull float spacing/ V ' to be around 4, while the

response curves of Figure 8 indicate practically null motion for X/vV^
in the range of 5.5 to 7. The apparent discrepancy is, of course, ex-

plained by noting that horizontal wave exciting forces on the floats

contribute greatly to the moment about the center-of-gravity, which is

quite high above the still waterline.

Short-term Statistics

While the transfer functions are interesting for making qualitat-

ive comparisons, especially because they are familiar, quantitative

judgmients of performiance in realistic irregular waves require consi-

deration of the spectra of the irregular response. For purposes of

design and analysis, particular waves must be considered.

The 12th International Towing Tank Conference in Rome [l6]

adopted the following recommendation relative to wave spectra.

" The Conference recomimends that wherever possible, use

shall be made of information on wave conditions for the ship's service

in presenting predicted ship behavior in waves. When information on

typical sea spectra is not available, it is recommended that the follow-

ing sea spectral formulation shall be used as an interim standard :

^/ 4A -B CO

S. (w) -——

e

2
S (w) = spectral density, ft -sec

oj = circular frequency, rad/sec (2)

"If the only information available is significant wave height,

' -3 2 2-4
A = 8.10x10 g = 8.38 ft -sec

B = 33.56/(H^ ,g)^
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If statistical information is available on characteristic wave
period and significant wave height

A = 173(H^^3)^/T^^

4
B = 691/T

where T = 2TTm^l va

m^ = variance or area under spectrum, ft

„,1 = first moment of spectrum about . = axis, ft^/sec

Data suggest that T^ can be taken as the observed characteristic

period. The Seakeeping Committee should study further the use of the

proposed two parameter spectral formulation."

This formulation is based on work of Pierson and Moskowitz.LlTj

The statistics of the response are related to the area under the

response spectrum, where, assuming that the amplitudes of response
records are narrow-banded and follow Rayleigh distributions, the

average apparent response (crest-to-trough) is

X = 2.5 Ve (3)
X

the average of the one-third highest responses, or "significant" res-
ponse, is

(x).,„ = 4.oVe~ (4)
1/

O

X

and the average of the one-tenth highest responses is

'-'i/io = ^-^^ '''

where
E = / la (co)l^ SJa;)da; (6)

is the variance, or area under the spectral density curve, (^~A<^) is

the frequency response function (transfer function) describing response
in the x^^ mode of motion to a sinusoidal wave excitation, and S (w)

is the input (wave) spectral density.

It is possible to express responses to the ITTC (or Pierson-
Moskowitz) sea spectra in dimensionless form, applicable to any size
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of configuration. Thus, if a (co) is a non-dimensional ratio of res-

ponse, X , to wave elevation, f , a non-dimensional variance may be

obtained as „ ,

/33.56\/ V^/"^

^ ' 2x0.0081 \Z:^4g^AHl/3'
E

,2/3
-

f\-J-)\
dw 7)

where the spectral formulation with only significant wave height being

available was chosen so that only one parameter ( V ' /H. , ) would
describe the relative intensity of the sea state.

Since wave elevation has dimensions of length, the response it-

self must have the same dimensions. This is, of course, the typical

case for heave or surge but other examples of non-dimensional res-

ponse are :

A

M

^V1/3

A V1/3
for pitch angle

for acceleration

for relative naotion

^ ^ for relative velocity

M
pgvr

for bending moment

a =—-- for heave

(8a)

(8b)

(8c)

(8d)

(8e)

(8f)

and so forth.

The dimensionless presentation of spectral response was, to

the authors knowledge, first introduced by Bennet [l8j in 1966, who
retained the two parameter (significant height and period) description

of the irregular seas. This very useful form of presentation has been
adopted by Lindgren and Williams [l9j , among others, and deserves
wider application. Fridsma [20] has exploited the useful scaling char-

acteristics of the ITTC (Pierson-Moskowitz) spectra to present dimen-
sionless results of motion and acceleration measurements carried out

with planing model hulls in waves whose spectra corresponds with the

ITTC recommendation. Thus, information for these highly non-linear

responses can be given for craft of various sizes in realistic irregul-

ar seas.
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The transfer functions previously presented by Mercier [5]

have now been used to obtain spectral information on performance in

irregular waves in accordance with Equation (7). Carpet plots showing

significant (average of the one-third highest) heave and pitch respons-

es as a function of significant wave height divided by (displaced vol-

ume)V3 and other parameters are shown in Figures 9 to 13. The de-

vice of carpet-plotting, which is common in aeronautical research

and testing, permits cross plots to be presented on a single sheet of

paper, and greatly facilitates performance comparisons and exhibit-

ing dependencies of results on various parameters.

The effect of damping plate size on heave and pitch for a cru-

ciform array of floats (test runs 002,012 and 018, Table 1) are shown
in Figure 9. The same information is given in Figure 10 for platforms

with a different distribution of displacement among the "hull" and

"wing" floats ; hull float diam/wing float diam = 1.25 (rather than 1.5

for the results shown in Figure 9) (test runs 060,058 and 062, Table

1). In both cases, larger damping plates reduce heave response but

increase pitch response. For three float configurations, having some-
what more slender floats, the corresponding results are given in

Figure 11 (test runs 074,091, and 087) ; the influence on heave mo-
tions is similar but for pitching motions with low relative sea condi-

tions, Hhm/ V / < 0. 7 , a suitable selection of damping plate size ap-

pears to lead to minimum pitch motions.

The effect of float slenderness on heave motions is exhibited in

fig. 12 for the cruciform (test runs 002,047 and 032) and triangular

(test runs 074,096 and 083) float array models, both with damping
plate diam/float diam =1.6. Since the pitch response (but not the heave

response) is strongly dependent on metacentric height, and since the

tests with variations of float slenderness were not executed with uni-

form values of GM, the influence of float slenderness alone on pitch

motions is not presented. It is interesting to note the distinctly differ-

ent trends of heave response as a function of float draft-to-diameter

ratio j for the four-float configuration it appears that a maximum oc-

curs for T/Dp between 2 and 2.5, while for the three-float array a

minimum exists around T/Dp- = 5. These different behaviors may be

due to the different arrangements of floatation (three floats of four) as

well as the different ranges of slendernesses investigated.

The influence of metacentric height on heave and pitch response

is shown in Fig. 13 for a four-float configuration (test runs 002,005 and

006). As was stated above, the heave motion is not importantly affect-

ed by GM. On the other hand, the pitching motion is greatly affected

by stability with excessively low metacentric height giving rise to large

angular motions which are not characteristic of well-designed float-

supported-platforms

.
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The results have been given for a range of dimensionless sea

states Uii^/V^'^ up to 1.0, so that for a craft of 30000 long tons

displacement the corresponding significant wave height is 102 feet.

This corresponds to a high Sea State 9 and, according to the recom-
mendations of the ITTC [16] , the approximate wind speed in the open
ocean would be well above 80 knots. For a 10 -ton craft, however, the

significant height would be 7.05 feet, or Sea State 4.

Dimensionless statistical response data are presented in tabul-

ar form, for all of the model tests reported by Mercier [5j , in Tables
5a- 5y. Large values of H^m/v' , up to 4.0 (HW3R575 ft for a

3000 -ton craft), are covered in these tables but because the transfer

functions derived from the basic tests are not precisely defined at low
frequencies, which are strongly excited by extremely high sea states,

the results above H-j^/^/v ' - 1.0 are somewhat less reliable. This

is especially true for the pitch motions which have very low but un-

defined natural frequencies. The transfer functions were extrapolated

"by eye" to lower frequencies to permit these calculations for 1.0 <

H2/3/V-^/"^< 4.0 to be undertaken.

Extreme Response

Ochi [21] has adapted order statistics with a given probability

of being exceeded, for evaluating long-term statistical behavior which
may be more appropriate for evaluating limiting sea state operating

conditions. His equation, which is applicable to Rayleigh probability

distributions, may be expressed non-dimensionally as

1/3
V

J-2 E^ /n il-{l-Prob)^/^o} (9)

where x = extreme value (amplitude) (for examples : heave, z ;

pitch, dV ' ; acceleration, (A/g)v ' , etc.)

Time = Duration time in hours

Prob = Probability of computed value, x , being

exceeded

E = Dimensionless response variance, Eq.(6)
X

E. = Dimensionless response velocity variance

/33.56\/.eM

o
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For example, if a probability of being exceeded is 0.1, the expression
implies that one platform in ten floating in the same area or statistical

environment may experience a larger response than the estimated ex-
treme value (x) during the specified duration.

Because this type of response information is of interest for
certain investigations the second moment of the response spectra, E. ,

have been calculated according to Equation (10) and included in Tables
5. It may be appropriate to note that a recent study by Dalzell [22] of
the statistics of responses of systems with non-linearities suggests
that applications which assume the Rayleigh distribution and involve
order statistics and/or the estimation of extremes tend to over-predict.
Since most platforms are subject to some extent of non-linear damping,
at least for extreme sea states, Dalzell' s observations should be borne
in mind.

SOME PROBLEMS OF THE HYDRODYNAMIC INTERACTION
BETWEEN TWO FLOATING BODIES IN BEAM SEAS

BACKGROUND

Ohsusu [23,24j has theoretically evaluated the hydrodynamic
forces and moments on two or more cylinders heaving, swaying and
rolling on a calm water surface. Ohkusu and Takaki [25] have applied

these analyses to evaluate the motions of multi-hull ships in waves.
Wang and Wahab [26] have also studied the hydrodynamic forces on
twin heaving cylinders on a calm water surface.

These investigators used the method of multipole expansion to

determine the unknown velocity potential. In these analyses, the in-

dividual section must be symmetrical about its own vertical midplane
and the two cylinders must be identical.

Lee, Jones and Bedel [2 7] have reported theoretical and ex-
perimental evaluations of the hydrodynamic forces on twin heaving
cylinders on a calm water surface. Their theoretical analysis follow-

ed the method of source distribution over the immersed contours [28]

of the cylinders. Consequently, cylinders of arbitrary cross-section,
not necessarily symmetric about their vertical midplanes can be dealt

with. This investigation also assumed the two cylinders to be sym-
metrically disposed with respect to each other.

All the above investigations [23-2 7] of multihuU cylinders as-
sumed that the cylinders are rigidly connected.
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The present study also applies the close -fit source distribu-

tion method pioneered by Frank [28j „ We assume two arbitrarily

shaped bodies, which do not have to be either symmetrical about their

vertical midplanes or to be symmetrically disposed with respect to

each other. Furthermore, the two bodies may be unconnected or con-

nected either rigidly or elastically.

This investigation, based on two-dimensional linearized theory,

considers both the radiation and diffraction problems for two arbi-

trarily shaped cylindrical bodies floating in a train of beam waves j

the hydrodynamiic inertial and damping forces and moments due to

swaying, heaving and rolling of the cylinders on a calm water surface

and the forces and moments induced by beana waves on the fixed cyl-

inders are evaluated.

Brief descriptions will be given of the methods used to evaluate

the unknown velocity potentials for the radiation and diffraction pro-

blemis. Since the fundamental velocity potential of a two-dimiensional

pulsating source of unit intensity located below the free surface and

satisfying the required hydrodynamic conditions inside and on the

boundaries of the entire deep-water domain is a well-known solution

stated by Wehausen and Laitone [29] , it is only necessary to discuss

here the kinemiatical boundary conditions on the body contours.

Two applications of the theory will be considered in detail :

1) the analysis of the hydrodynamic forces on two rigidly connected

cylinders and, 2) the relative heaving motions of two unconnected

bodies in close proximity. Results of calculations for these cases will

be presented and discussed. The case of a pair of three-dimensional,

vertical body-of-revolution floats, in close proximity will be discuss-

ed on the basis of experimental results.

KINEMATIC BOUNDARY CONDITIONS

The Radiation Problemi

Consider two arbitrarily shaped parallel cylinders oscillating

in prescribed (arbitrary) modes of motion, with given anaplitudes and

phases, on or below the calm water surface in the form
(m )

[S] = S ^ e"'-^-a a

(m ) -i(e +U)
[sT = S^ ^ e

^^^b (U)
b b
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S
J S = amplitudes of displacement in the mode of motion

where

,
(ma;

'a ' "b

S„Sa^b

mg^ and m, , respectively (m or m. - 2,3,4
correspond to sway, heave, roll)

phase difference between the motions of bodies

a and b

For certain kinds of problems such as the relative heaving motions
between adjacent bodies, it may be convenient to refer the phases of

the motions to, for instance, the wave-exciting force.

The space coordinate system is defined in Figure 14a ; the

y-axis lies on a calm water surface, the z-axis points vertically up-
ward and the origin is taken at the midpoint between the two walls

of a and b .

The body contours C^ and C^ of a and b are approximat-
ely represented by polygons with a finite number of segments. A puls-

ating source of unknown strength is uniformly distributed on each se-

gment to represent the flow induced by the motions of the two bodies.

The velocity potential for the source of unit strength at (l, T ) may be

written [29] :

G(y,z;7,,r)e"'''* (12)

where (y,z) is the coordinate of a field point. The resultant velocity

potential is represented as a sum of all of the discrete source se-

gments of the polygonal approximation to the contours C^ and C^ ,

(ma,mi3, eg Su) ^ ^
^(y,z) ^ ° = 2_ Q. / G(y,z;r,,f)dS

M ^^

S Qk J Gij.'z.-.-'l.niS. (13:

where S-; , Sj^ = j and k polygonal segments of a,b, respect-

ively

Q. , Q = (uniform) complex source intensity of the j and
k't h polygonal segments of a,b, respectively

The unknown source intesities Q are determined numerically,

satisfying the kinematic boundary conditions.
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-^ y ,z )
= -iwu ^^a'^a^

dn a a n

-^(y^,y^) - -xa,u^ (y^,zje (14)

with u (y , z ) = sin a, for m = 2
n '^a a k a

"COS a, 3
k

= -(y cos a +z sin a,) 4
^a k a k

h^
for body a, and similarly for body b . The normal velocity -^ in

Eq. (14) is taken to be the velocity induced on the k segment by all

of the other segments, ol^ = the orientation of the segment S^ in

accordance with Ref. 28.

Two special cases of interest may be mentioned. If the bodies

a and b are rigidly connected twin cylinders, Eq.(14) takes the form

h<p
I

X _ .
(m) , s^=^ y .z - -iwu y ,z )

dn aa n ^aa
(mi) , >^ (y,,z,) = -icu ^"^Ny.^z,) (14a)

dn bb n "^bb

while if body a is oscillated while body b is fixed, Eq.(14) reduces

to

h<p (y , z ) , >

^a' a .
(m) .

= -iwu (y , z )

•^ n ''a a
on

^ ^ = (14b)

hn

The Diffraction Problem

Consider an incident wave

h = ae^^y (15)

where a = wave ainplitude

^ = wave number
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and the time factor e"-^'*' is omitted in this and subsequent sections.

This wave encounters the fixed arbitrarily shaped bodies and is dif-

fracted.

The velocity potential corresponding to the incident wave is

(o+e)
__

_iga_^.z ^i.y
^^^^

I CJ

which can be expressed as odd and even function of y ,

.r
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HYDRODYNAMIC FORCES AND MOMENTS

Relationship to Potentials

The linearized hydrodynamic pressure is given by

(7) = ipa;^'^^^ (19)

where, for the radiation problem <p^'^' = f ^' ^' ^aSb
^ and for

the diffraction problem (p^'^' = <pj\^'^^) + v>[)^°
^'

. Using the single

superscript notation for the radiation or diffraction problem, the hydro-

dynamic forces and moments are given by

t.(t) f iyKFg - -J^P dz

^,(7) f (7),

Ay) . f
R ^C

where C = body contour C^^ or C^^

F^^^ = X P^^^ (ydy+zdz) (20)

Non-dimensional hydrodynamic moment arms for the sway
and heave components of force, taking account that the pressure is

complex, p^"*^' -
Pj.^''^^ + iPj^ , can be written
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where T = the maximum draft of the two bodies. The subscripts
S,H,R indicate swaying and heaving forces and rolling

moment, respectively.

The hydrodynamic force has real and imaginery parts, for

instance

f'-'' = F*^'+ ilf' (22)

In the radiation problem, the real part of the hydrodynamic force

(moment) is called the inertia force (moment while the imaginary part

corresponds to a hydrodynamic damping force (moment). In the dif-

fraction problem, the complex force defines the amplitude and phase
of the wave-exciting force relative to the passage of the crest of the

incident wave by the origin . The hydrodynamic moment arms also

consist of inertial and damping parts in the radiation problem. In the

diffraction problem, however, the moment arms of the real and imag-
inary components are identical because the force and moment maxima
occur at the same instant.

Force and Moment Coefficients

Hydrodynamic interactions affect the pressure distributions

and forces acting on the individual bodies. Certain comiponents of

these resultant forces and moments may be considered as internal

forces for the evaluation of dynamic structural loading on rigidly con-
nected cylinders. The hydrodynamic forces on individual bodies are
useful and the individual bodies when they are elastically coupled or

unconnected.

Table 6 defines the various force and moment components, in

accordance with Eq.(20), and their corresponding dimensionless coef-

ficients.

The first subscript denotes the mode of motion (in place of the

parenthetical superscript used previously ; the forces, moments, and
coefficients do, however, depend on the details of the modes and
phases of motions), while the second subscript denotes the components
of force (moment). For example,

2 ,,

w ni„ = roll hydrodynamic inertial moment induced by swaying

motion of unit amplitude of displacement

ooN = the heave damping force induced by rolling motion of

unit amplitude of displacement
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The hydrodynamic moment armis, according to Eqs.(21), are
presented in Table 7. The subscript notation is analogous to that used
for Table 6, so that, for example, Zgg indicates the moment arm
for the hydrodynamic inertial sway force induced by sway motion.

The roll moments may be expressed in terms of the heave and
sway forces and their respective levers as indicated in Table 8.

The wave-exciting forces and mioments may be expressed in

dimensionless form as shown in Table 9.

The wave-induced moment can, of course, be represented in

terms of the sway and heave forces and corresponding moment arms
in accordance with Eq. (21), in a manner similar to the motion-induced
moments (Table 8). The separation of wave forces into odd and even
parts will be shown to be useful for the case of the catamaran-type ship.

Rigidly Connected Twin Cylinders

All of the above formulas may be applied for bodies a, b and
a + b, regardless of whether the bodies are similar (some care and
consistency must be used in choosing and using relevant dimensions,
draft and beam, for use in the dimensionless coefficients if the bodies

are not twins). Based on a limited number of numerical calculation of

twin cylinders, it is observed that the hydrodynamic forces, moment
and moment arms due to oscillatory motions are entirely identical in

magnitude for bodies a and b (see Table 10).

Consequently, the resultant hydrodynamic forces and moments
may be given as shown in Tables 11 and 12, where the subscript (a + b)

for the rigidly coupled bodies is omitted.

Since the bodies are twin and the incident wave flow consists of

part which are symmetric and asymmetric with respect to the vertical

z-axis, the odd and even components of the wave-exciting forces and

moments on bodies a and b are equal in magnitude, whereas some
forces on a,b act in opposite directions. (Table 12)

These relations which arise due to symmetry afford consider-
able simplications for evaluations of catamaran-type configurations.

They are exhibited graphically in Figures 14a-d.

For convenience, the previously defined force and moment coef-

ficients C, 8 (Tables 6, 7) will be called the forces and moments.
Figure 14a illustrates a typical force system; induced by the heaving

motion of the twin bodies. The heaving motion induces both heaving and
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swaying forces, [Chr] > ^^Bb) ^^^ [^HS^ ' f^HS^ '
respectively,

on the individual bodies a and b. The swaying forces [CjjgJ , [^hS-J
on a and b are equal, opposite and colinear, hence, the resultant

forces on the twin bodies ( a + b ) are only the heaving forces
2 [Cjjjj] ^ and ^[Sjjjj] (see Table 11). Figure 14b represents a

typical force system induced by the swaying motion. This motion also

induces both heaving and swaying forces on each body. The sway-induc-
ed heaving forces [Cqtt] and [5ott] on a as well as b set up a

couple which contributes to the resultant rolling moments ^[Cgj^jg^

and 2 [5gj^] ^ (see Tables 8, 11). The sums of the swaying forces on
the twin bodies ( a+ b ) are equal to ^[Cgg] and 2[5gg] ,

which also contribute to the resultant rolling m.oments ^r^SRj *

2[5gj^] ^ (Tables 8,11).
^

Another typical force system is that induced by the rolling mo-
tion, as illustrated in Figure 14c. The rolling motion induces the heav-
ing forces [Crtt] , [^Rjj] and the swaying forces [Cr>gJ , L^DgJ on
each body. The heaving forces set up a couple and hence contribute to

the resultant rolling moments C-^j^ , 5rr on the twin bodies ( a+b)

(Tables 8,11). The swaying forces on a and b are equal. Their re-
sultants on ( a + b ) are equal to 2[Ct3 ] and 2[5„o] , and also

contribute to the rolling moments C , b (Tables 8, 11).
rlrl RR

The non-dimensional expressions of the wave-exciting forces

and moments are defined in Table 9. Referring to Figure 14d, first

let us observe the typical wave-induced force system. The even and
odd wave potentials induce both sway- and heave -exciting forces. The
sway-exciting forces on a, b [fg Jg. ' &S -lb

are equal, opposite

and colinear, while the heave-exciting forces [fA°']a > Ph lb ^®^ ^P
a couple.

We see fromi the figure that the resultant roll-exciting moment
and the resultant sway-exciting force are due only to the odd wave po-

tential, whereas the resultant heave -exciting force is due only to the

even wave potential. (See Table 13).

The Radiated and Diffracted Waves

We consider at first the evaluation of the radiated and diffract-

ed waves generated from a rigidly connected twin-cylinder floating in

a regular beam wave

,

The radiated and diffracted waves generated by a monohull
cross section floating in a regular beam wave were evaluated in the

previous work [SO] . The radiated or the diffracted wave is the vector
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sum of the far field waves induced by the pulsating sources Q^'''' di-

stributed on the sectional contours, where 7 = m (mode number) for

the radiation, and 7= j3(0 + e) for the diffraction problem.

The asymptotic expression of the velocity potential <p^'^' at

For both

in their forms
y— _oo for both radiation (7= m) and diffraction (7= /3 ) are identical

^^ — e e (23)

where - suffix refers to y—>^oo .

It is tO be noted that </?+' denotes both the potential per unit amplitude
of displacem^ent in forced oscillation for 7 = rn and that per unit

amplitude of the incident wave for 7 = jS , A-V^ ' and e^ are evaluat-

ed in a fashion similar to that given in Ref. 30 where the arbitrarily

shaped geometry and both symmetric and asymmetric flow conditions

will require that the term with (-1) in the formula Eq. (25) of the

above reference should be taken as zero. Hence,

A' -" = ^C. ^'^^
+D_^^^^

,(^) -

(7)

tan

3-1
3 3 N+] 3J a

3=1 3 3 N+j j^b

+

N

nh -^3 ^"^N+J^jfb (24)

K = e cos(»'77 ., + a.) -e cos(j^j7. + «.)

j
2+^2 2 2
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L. = e sin(i'77.^, + a.) -e sinli'T;. + a.)
3

]*!
J 3 J

where

a, b = the suffixes indicating the terms of the bodies
a and b , respectively

(7) (7)
Q. ,Q>^, . = the real and imaginary parts of the complex

'' ^ source strength, uniformly distributed over the

elementary j segment of bodies a or b

(rj., f.),etc = the coordinates of the end points of the j

segments

a. - the slope of the j segment

(t)
The far field wave h^. is derived from the far field potential

^^"l (Eq.23) as

(7) (7)

(^)
iA+ i{±vy^t\

) (25)

h = = e

Let the complex amplitude ratio be

A^"^) - t ' t ,(7) _ I (7)1
''± ,_.

A. e ; A+ - A e (26)

The energy conservation law leads to the well known relation

between the hydrodynamic damping coefficient N^^^' and the radiated

wave amplitude ratio A

N^^^

(m)l

2

A (27)

where
+ = suffix indicating the radiated wave at y—>+oo

or -oo .

I (4) I

It is to be noted that Aj. has the dimension of length ; in other ,

1(4)1 I i
'

I ?9 U I f 3

H

words A+^ ' is not a non-dimensional, whereas the A^'^' , A-f '|

are.
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By the Haskind-method [31,32] , one can also evaluate the

wave -exciting forces and moments by the radiated wave amplitudes ;

for the wave progressing to the positive end of the y-axis (Eq. 15),

the wave-exciting forces are

p
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The Wave-Exciting Forces and Moments for Twin Cylinders

Figure 18 illustrates the behavior of the sway- and heave-
exciting forces on Body a due to odd and even wave potentials as func-

tions of the wave frequency. The vectorial sums of the forces such as
f(o+e) = f(o)+ f(e) Qj^ a,b, and (a+b) are shown in Figures 19 and 20.

In this connection, refer to Tables 12 and 13.

The Haskind-method was applied to the evaluations of the re-
sultant wave-exciting forces on the twin bodies and the results confirm
exactly the corresponding values obtained by the present method.
(See Figures 19, 20 and 21). A relevant discussion of this matter will

be given in the following section.

It is interesting to observe the behavior of the sway-exciting
forces on a and b (Figure 19). Ohkusu [35] recently reported on the

hydrodynamic interaction between three vertical cylinders. His Fig. 13

on page 108 of Reference 35 shows behavior similar to that of the sway-
exciting forces on Bodies a and b . A relevant discussion of this mat-
ter will be given in the following section.

The Radiated and Diffracted Waves

For the twin bodies, the radiated waves A_ and the dif-

fracted waves A^^ ® were evaluated according to the formulas in

Eqs. (24 and 26) (see Figure 21). The radiated wave amplitudes aJ_^)
are very useful in evaluating the damping force coefficients N^^^^ or

s'^^^ and the wave-exciting forces f'° ^' (see Eqs. 27, 28). By compar-
ing Figures 15, 19,20 and 21, one can readily confirm the validity of

the formulas in Eqs. (27), (28). The diffracted wave amplitude ratio
p^\o e) ^g applied to estimating the mean wave force on the fixed twin

bodies in the given incident wave, Eq.(15). The sudden drop of the

value of A_^° ^' at frequency around 0.45 may be ascribed to the ef-

fect of the hydrodynamic interaction between the bodies in that close

proximity.

The Wave-Exciting Forces on Some Semi-Submersible Cross Sections

We chose two simple cross sections : one submerged and the

other surface piercing. Figures 22a and 22b represent the sway-
and heave -exciting forces on the submerged circular cross section. It

is seen from these figures that the interaction effects are negligibly

small for the given frequency range. The wave-exciting forces on
surface -piercing twin bodies are plotted against the wave frequency in

Figures 23a, 23b. It is readily seen that the influence of the interaction

effect on the sway-exciting forces is remarkable while the influence on
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the heave-exciting forces is relatively small. Similar behavior was
pointed out by Ohkusu [35j as described previously.

In connection with the present investigation, force measure-
ments were made at Davidson Laboratory on twin Motora-type floats.

These measurements are plotted in Figures 24a, 24b. Since the tests

were carried in a relatively high frequency range, even a rough comp-
arison with the present two-dimensional calculations cannot be made.
However, the interaction effects appear to be quite small compared to

the two-dimensional case, especially considering the very close spac-

ing of the floats.

Interaction effects and the occurence of dramatic variations of

force coefficients for particular, characteristic, frequencies should be

expected to be weaker for three-dimensional than for two dimensional

bodies. We have, however, noted an unusual flow pattern for waves
passing a fixed toroidal body ; at a particular wave frequency a pulsat-

ing jet erupts in the center of the torus. Of course, the jet also exists

for forced heaving oscillations in calm water at the same frequency.

The shape of the torus corresponds to that of the profile of the twin

cylinders of Figures 15-20 rotated about a vertical central axis, with

2S/B = 2. The characteristic frequency described for this three-

dimensional case corresponds to i/B/2 = 0.42 , rather close to the

frequency shown in Figure 15 where Ctttt and ^-tJTT vary dramatical-

ly.

Some Hydrodynamic Characteristics of Two Different Cylindrical

Bodies Floating in Beam Seas

Some aspects of the hydrodynamic interaction between two ar-

bitrarily shaped cylindrical floats were investigated numerically (see

Figures 25a, 25b, 25c). First we evaluated the heaving added mass and
damping coefficient C , 5 on bodies a and b for heaving motions with

unit amplitude and different phases. The results are plotted against the

relative phase angle e^ at two different frequencies t'(Bg^+B|^)/2 = 0,45

and 0.26 (Figure 25a). The results show significantly large effects on

the hydrodynamic forces due to the hydrodynamic interactions between
the two different cylinders floating freely with different phases.

As a special case of the above, we calculated the hydrodynamic
forces on the swaying and heaving Body a in the presence of the fixed

Body b (Figure 25b). Two draft ratios T^/T^^ = 2 and 15 were taken in

order to observe the false wall effect on the hydrodynamic forces. The
figure also shows the hydrodynamic inertial forces C-^^ , Cgg on an

isolated swaying and heaving Body a . It is seen that the increment of
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the swaying added mass Cgg due to the increase of the depth of the

false wall is nearly independent of the frequency.

The heaving added masses Cj^jj are remarkably dependent on
the depth of the Body b , Tj^/Tg^ , and the frequency.

The resultant heave-exciting forces F-^*-'"''®^ on bodies a and
b were calculated and plotted in Figure 25c. For comparison, the

aeave- exciting forces on isolated a and b are also plotted in the same
figure

.

SLENDER VERTICAL FLOATS : ISOLATED PERFORMANCE AND
INTERACTION EFFECTS FOR LARGE ARRAYS

BACKGROUND

Column-stabilized floating ocean platforms used for oil ex-

ploration, research, or other applications, achieve low motions re-

sponse to wave action by proper shape and spacing of rigidly-connect-

ed flotation elements. Another type of platform, which can also afford

a useful working surface, might consist of an assemblage of resilient-

ly-connected flotation elements, each of which individually has suitable

motions response characteristics. Conceptual design studies for such
a platform have been undertaken by engineers of Goodyear Aerospace
Corporation (GAC). Davidson Laboratory of Stevens Institute of Techn-
ology has conducted a variety of hydrodynamic studies in connection
with the design developments, some of which will be described in the

present part of this paper.

An illustration of a concept for the array of floats and deck
structure to be considered is depicted in Figure 26. The details of the

deck panels and truss system are not important for the present hydro-
dynamic study : the structural restraint on body motions is assumed to

be negligible (or, in a particular case, to be approximated by simple
mechanisms). The effect of hydrodynamic interactions on the relativ-

ely closely spaced floats may, however, be important. Much of the

presently described work, and work currently in progress, deals with

these interactions.

An interesting feature of these multi-float platforms is that

they are expandable. Modular construction is intended to permit con-
venient deployment of arrays with any number of floats from about 50
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up (a minimum num.ber are required to afford stability against cap-

sizing). The resiliency of the structural components, including the

floats themselves, which may be inflatable reinforced fabrics, pose
certain interesting hydroelastic questions. Several hydroelastic aspects

have been and are being studied but these will not be treated in this

paper.

ANALYSIS OF VERTICAL FLOAT HEAVE MOTION

Elementary Equation of Motion

In the configuration depicted in Figure 26, the net buoyancy
comes from the portion of the float above the hinge, which is located

some distance below the Stillwater level. The float shape, which is

enlarged below the waterline, is intended to minimize the wave-induc-
ed vertical forces transmitted to the deck and structure, and thus

minimize deck motions over a "sufficient" range of wave frequencies.

The hinge is introduced to alleviate lateral loads in the float and in the

structure : the wave-induced forces produce pendular motions of the

lower part of the float (which is called an "attenuator") which relieve

the elastic stresses and transmitted loads which would develop without

the hinge

.

Since the deck structure is assumed to be quite flexible, the

(linearized) equation for the heave (z) motion, neglecting elastic re-
storing forces, can be expressed simply as

where

pVz = - m" z - Z.z - Z z + Z.f (30)
z z s

V = total displaced volunae of float and attenuator

m" = added mass

Z. = damping force rate

Z = buoyant re storing-force rate = pgA

A = waterplane areaw
Z = wave-induced vertical force per unit wave

elevation

f = wave elevation

If the deck's elastic restoring-force is to be taken into account,
a term such as EI-^^ must be incorporated to describe motion in
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regular long-crested waves, such that the deck structure behaves like

a beam (the more general case would have to represent the deck's

elasticity as plate-like, or describe the details of the deck-truss
structural behavior). These partial differential equations are consider-

ably more complicated than the simpler equation (30). The deformat-
ion of the deck of a rectangular array of floats in regular "head" seas,

assuming that no hydrodynamic interaction effects occur on the vertic-

al forces on float elements, will be (at least in the case of linear re-

sponse) a traveling wave with the same frequency and celerity as the

incident water wave :

"b
~-

\^^''\f--^v ^^^^

^4,^ , ,4

^x4

i_ -. M
(^)

Zj^ (32)

2
or, since for water waves 2 7r/X = o)

/

^

'\
z^ (33)^4 4 b

ox g

The importance of a restoring force term like EI 4 , compared to

pgA^z , increases as the frequency increases, ojr^he wave length

decreases. The design of the float -attenuator geometry is intended to

produce vanishingly small wave-induced vertical force as frequency is

increased. GAC structural analysts decided that the simple Eq.(30)
is appropriate for analyses of the motions of the deck supported by a

resiliently-connnected array of floats, such as is shown in Figure 26.

Coefficients of the Equation and Forces for Regular Waves

Elementary hydrodynamic theory can be applied to the estimat-
ion of the hydrodynamic coefficients and the wave-exciting forces for

the equations of motion of slender vertical floats without external ap-
pendages. In the present instance, it is anticipated that external ap-
pendages will be required to assure sufficient heave damping and
analyses of the hydrodynamic effects of the appendages must be ap-
proximate and quasi-empirical.

The buoyant force rate has already been expressed as

^z = ^g^w •

The vertical wave-exciting force can be expressed as
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^L 2 . e
eZ^f = PgfS(O) - Pg^f (l-e^^)-^dz - Z^-^-Em'o; r

Hydrostatic ,,„ .^, uV^" 'x- Damping Added mass^ Smith Correction

Froude -Krylov

where

(34)

LYJ
'

V,^

S ^ sectional area of body
2

k = wave number =w /g = 2 7r/x

X = wave length

^^ Z. = damping coefficient

f = wave elevation

t = wave amplitude
o

t = wave motion evaluated at

depth corresponding to as-

sumed damping source

' = elemient of effective added
naass in vertical direction

m

z = effective depth for evaluating

wave acceleration for elem.ent

of added mass

The Froude -Krylov force corresponds to that predicted by slender

body theory and is the same as predicted by assuming that the presence

of the body does not influence the wave's pressure field. For finite

draft, T , the Froude -Krylov force decreases with increasing wave
frequency (because of more rapid attenuation of wave pressure with

depth) and, if the attenuator is shaped as in the sketch, may become
opposed in sense to the wave elevation for sufficiently high frequencies.

The response of slender spar buoys to waves has oeen studied

by Newman [36j , who performed a detailed slender-body analysis and

by Rudnick [3 7] , who derived equations similar to Newman's [36] on

the basis of a more elementary analysis, and who compared results

of calculations with field measurements of the motions of the Flip

platform. Newman notes that the slender -body theory applied to floats

in waves loase its applicability at higher values of slenderness ratio

than is the experience for aerodynamic analyses. Adee and Bai [38]

have conducted experiments with cylindrical models having either flat

or conical bottom ends and various draft-to-diameter ratios. They
find that it is important to account for added mass effects even for

quite slender floats. However, while they include added mass effects
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on the inertial force (proportional to z), they appear to have neglect-

ed its effect on the vertical wave -induced force. For non-cylindrical

floats, such as shown in the sketch, the inclusion of added mass ef-

fects is still more significant.

The added mass wave force results because the flow is un-

steady and the presence of the body does "nodify the fluid acceleration

patterns (contrary to the Froude-Krylov assumption) resulting in a

pressure force in phase with the vertical wave acceleration. The add-

ed mass may be associated with two principal sources, the primary
one being the enlarged attenuator at the lower end of the float. Extern-

ally-attached damping devices will also have associated added masses.
The effective added mass from the primary source, the enlarge at-

tenuator, may be estimated by assuming that the attenuator is similar

to a prolate spheroid with a ratio of semi-major to semi-minor dia-

meter, a/b equal to Lg^/2Rg^ . Lamb [39] gives theoretical added

mass coefficients for translation "end-on" that can be expressed as

m'^ - \n^l^^ (35)

where kj can be taken from Table 14.

It has been found, of course, that the ideal fluid theory added
mass is insufficient for slender craft such as airships and surface
ships in monotonic rectilinear motion,presumably because of boundary
layer influences (cf. Thompson and Kirschbaum [40] and Smith [4l] ).

The reasons for the differences between theory and experience for

these craft may not be relevant to the float-attenuator in the wave flow
field so the tabulated theoretical values are recommended for use
pending more complete experimental results. The wave acceleration
can be evaluated at an effective depth, z^ = T - L_/2.

The added mass associated with the damping devices, which
probably would be attached to the float at the upper end of the conical

transition above the attenuator (see sketch), is not derivable from
familiar simplified cases. The interaction of the flow about the damp-
ing "collar" with the flow about the cylinder may be important and

ought to be studied experimentally. Fot the purposes of the present

analysis , the added mass of damping devices will be assumed to be a

fraction of the added mass of the attenuator

m' = c'm' (36)
d a

where approrpiate values of c' should be obtained experimentally or

simply assumed. The value of Zg to be used for evaluating the wave
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acceleration for this component of force should be the depth correspond-
ing to the damping source.

The total added mass, m" , is the sum of that associated with

the attenuator shape plus that due to damping devices.

The heave damping force rate, Z. , is partly due to generation

of radiated surface waves and partly to viscous influence associated

with turbulent eddies around the float and damiping plates and skin

friction drag. It will be shown in the following section that the damping
due to wave generation, which is strongly dependent on frequency, is

quite small for slender vertical floats and, therefore, it is advantageous
to provide additional viscous damping, which is likely to be independent

of frequency. The damping coefficient will be expressed in terms of

the ratio of the damping to the critical damping coefficient, (c/c^), in

the form

Z. = (-^) X (2p V + m")a) (37a)
z c n

c

where

= {-^)x2pA VgTC (1+C ) (37b)
c^^ w vp HH

V
C = vertical prismatic coefficient,—r—=-
VD ATvp

m'C„„ = added mass coefficient.

w

HH ^^^^^^, p^

The viscous drag due to external damping devices will not, in

general, be simply linearly proportional to velocity (although for

small waves and motions it will be approximately so). The use of a

linear coefficient may be justified on the bases that calculations based
on such a simplification are instructive and that "equivalent" lineariz-

ed coefficients may be derived for drag which is proportional to some
other power of velocity in the way that Blagoveshchensky [42] and others

have dealt with square -law damping.

Particular values of drag coefficients may be estimiated for

plates oscillating in a direction normal to their surfaces from results

of significant investigations by Keulegan and Carpenter [43] , McNown
[44] , McNown and Keulegan [45] , Paape and Breusers [46] , Martin

[47] , Ridjanovic [48] , Brown [49] , Henry [so] , Woolam [Sl] and

Tseng and Altman [52] . Additional investigations of the oscillating

drag of ring-type damping collars around bodies of revolution will be
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needed to provide information on the type of configuration being con-

sidered for these floats, as shown in Figure 26, where damping plate-

body interaction effects may be significant.

The wave-exciting force associated with the damping devices,
^fe ^re

Z .—;— , may be estimated by taking Z . = Z. , and -^ is the wave
^ ot f z dt

motion evaluated at the depth corresponding to the damping plate. Of
course, since the oscillatory drag force on the damping devices is, in

general, nonlinearly related to the relative velocity between the fluid

and the plate, the detailed analysis of the motions would be rather

more complicated than the simplified treatment given here. The effects

of the nonlinearity of the drag may be expected to be important only for

frequencies near the resonant frequency.

Responses

Although analyses have been presented by Newman [36] and

others for wave-induced forces and motions of isolated spar-type

floats, no results of systematic evaluations of the dependence of the

forces and motions on geometric characteristics of floats are known
to be available in published literature. Some results for the special

case of floats like that shown in the sketch accompanying Eq.(34) will

be presented here.

The influence of the ratio fo the diameters of the lower and up-

per cylindrical parts R^^/R , the ratio of the length of the lower
cylinder to the overall draft, La/'^ ' ^^^ ^^^ ratio of the draft to

waterplane radius (slenderness ratio), T/R^ , will be shown. Wave
forces and motions due to regular waves will be presented as a function

of frequency, and spectral response information will be given as a

function of significant wave height. The influence of the degree of damp-
ing on the responses will be described in a subsequent section.

Wave-Induced Force

The wave-induced vertical force, Z^f , expressed as a function

of the buoyant force, PgS(o)f , is exhibited in Fig. 27 as a function of

the dimensionless frequency parameter w^T/g , showing the influence

of Rq^/Rq . Other geometric parameters were held fixed for these

results, viz., L,^/T = 0.5 , T/R^ = 30 ; the assumed damping coef-

ficient corresponds to a value of c/c^ = 0.07 . Figure 28 shows the

influence of l-jT for Ra/R-o = 1-8 , T/Rq = 30 ; again, c/c^, = 0.07.

The influence of T/R^ is presented in Figure 29 for Rq^/Rq = 1.8 ,

L /T = 0.5 and c/c^. = 0.07 . For all cases presented the damping
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plate added mass,
depth Zg = T-Lo .

is assumed to be 0.3 mi' and its effective

The results presented are typical : as frequency increases,

the vertical forces decreases at first until it reaches a minimium value

(which corresponds very closely to the "damiping" component of the

wave-induced force, Eq.(34), and then increases again when the com-
ponents of force which are out-of-phase with wave elevation (due to

pressure gradient and added mass) become important, followed by

asymptotic attenuation to zero force for very short waves. Both Rq^/Rq

and La/T are seen to have imiportant effects on the wave-induced

force, T/Rq ; T/Rq is less important, in fact, the simplified theory

(Newman [36] ) neglecting added mass and damping indicates no de-

pendence on T/R .

Transfer Functions

The ratio of heave motion to wave elevation can be derived

from the solution of Eq. (30). This may be re- written in a form similar

to that for the familiar simple harmonic oscillator.

Z^ r/pgS(o)f

V(-^)'*('t'7)"^

;38)

where
2 TCO i

n C (1 + C )

vp HH

-1

[39)

Only one set of transfer functions, exhibiting the dependence

on Ra/Ro ^°^ ^J^ " ^'^ ' ^l^Q " ^° ' ^/^c " ^'^^
' "^d " °-3^L

and Zg = 0.5 (for damping plates), will be given in Figure 30. These

results are, again, typical : the trends of the variation of motions with

frequency follow the wave forces modified by the dynamic amplification

factor. Note that the damping coefficient assumed, c/c^ "- 0.07 ,

results in values of the transfer function around 2.0 at resonance, and

that the miaximum value depends on the float shape as well as the re-

lative damping.
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Spectral Response

The statistics of the heave motion response may be derived
for slender vertical floats using the transfer functions and the (di-

mensionless form of the) Pierson-Moskowitz wave spectrum, as was
done in the first part of the paper for three- and four-float platforms.

The significant dimension for use in non-dimensionalizing will be the

draft for this case, instead of V ' .

Some results showing the effect on "significant heave motion",
z-j^ /o/T , of R^/^ ' ^"^^ given in Figure 31, with other particulars,

the same as for Figure 27 . The influence of L^/'^ ^^ "the significant

heave is shown in Figure 32 for the same cases as are considered in

Figure 28. The effect of T/R on the statistical responses is small,

as might be expected from the results for forces shown in Figure 29 -

at least for floats which are sufficiently slender.

According to Figures 31 and 32, the "best" float shape is

evidently a function of the design sea state or significant height :

slender floats with displacement relatively uniformly distributed be-
ing better for mild sea conditions while higher values of Rg^/R^ with

the displacement concentrated near the bottom are better for more
severe seas. An irregularity, or "bump", is discernible in some of

the curves for values of H. /„/T at which an increase of sea state

introduces a large increment of wave energy at the resonant frequency
of the float.

It is interesting to note that the dependence on significant wave
height of other heave-related spectral response characteristics may
differ from that of heave. Figure 33 shows significant values of heave
motion, vertical acceleration, and deck curvature ^ ^^ , for a partic-

ular float having ^J^^ = 1.8 , L^/T = 0.5 , and^ T/R^ = 30. Since

the transfer functions for acceleration and deck curvature depend on

frequency in a different way than does heave, weighing high frequency
more heavily, while attenuating low-frequency input, higher sea states

do not produce as much increase of response as for heave. This is

because an increase of sea state (according to the Pierson-Moskowitz
spectra) adds significant energy in the low frequency range but not

much at higher frequencies. For the case presented, the deck curvat-

ures (and therefore the deck stresses) are very nearly proportional to

the significant wave height, since

n2

T 1— / (H^, /T)a0.3 over the range of H^.^/T values

presented.
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The Importance of Damping

The primary effect of an increase in the damping coefficient

on the heave transfer functions is to reduce the maximum heave re-

sponse, which occurs at a frequency slightly lesser than the resonant

frequency, and to increase the minimum value which occurs for the

frequency when the wave-induced force is due to the damping devices

alone

.

For design-analyses, the spectral response is most useful.

Figure 34 shows effect on significant heave motion of damping
coefficient, c/c^-v , for a particular float geometry. It is evident that

damping is very useful to control motions in high sea states where
some wave energy exists at frequencies corresponding to heave natur-

al frequencies.

The damping which is available due to wave radiation can be

obtained from the Kaskind-Newman relations [32j , which gives the

same result as Newman's slender-body analysis for the forces at re-

sonance L36j . These give

,2

Z. = -^ iZl (40)

w

thus, at resonance co = co

damping can be obtained as
, the ratio of wave -damping to critical

•-c

Z.
zw

2.V(1+Cjjjj)„_^

I W
PgAw

w i
n

A
w

(41)

and the corresponding transfer function

' ^w' ^ w'

2(c/cc) w
(42)

contd

,
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2T^/A
(42)

2„. 2

IZ. /pgA I
S w w

/c ''TV

where 2;^^ is the wave-induced vertical force evaluated without taking
into account the damping term.

Since, at resonance. IZv /pgA„ I < 1 , and for slender vertic-
9 , y TT jW ° W'

al floats T^/A^»l andi^-^<l, then c/c,,«l and z/f:^l . For
example, for T/R^ = 30, ^ Ra/^o = ^-^ and L^/T = 0.5 , the

calculated "wave-damped" resonant heave motion z/f would be almost
8000 !, Wave -associated damping is inadequate for slender floats and
viscous damping controls the resonant motion.

Results of tests on a l/13th-scale model of a Manned Open
Sea Experimentation Station (MOSES) reported by the Oceanic Institute,

Waimanalo, Hawaii [SS] , showed that a ratio of damiping to critical

damping of 0.075 could be achieved. This was discovered in tests of

the model with about 18 external rings attached to a slender shaft. The
rings, which are intended to provide structural stiffening, have out-
side diameter about 15% larger than the shaft. Complementary tests

were carried out with acetate sheet wrapped tightly around the rings
to present a smooth, unbroken surface. With this shroud the damping
was about 1% of critical.

Damping coefficients will, in general, be obtained most ef-

fectively by experiments, or will be estimated on the basis of empiric-
al results. It has been known since Froude's investigations in 1874 [54]

that the drag coefficient for an oscillating bluff body can be very differ-

ent from that for the same body in steady flow. As in all model ex-
perimental work, it is important to be sure that the model conditions
correspond to the full scale : thus, for dynamic similarity to exist,

the model should be geometrically similar and the flow kinematically
similar to the full size.

Certain experience from investigations of roll damping of ships
with appendages can give insight into questions relevant to damping of

platforms oscillating in waves. It is important to recognize that a
small ambient current, due to oceanic circulation or induced by wind,
can have an appreciable effect on energy dissipation, as has been found
by many investigators into the rolling of ships [54-58]. This is because
the model, in the course of its cyclical motion, must impart motion to

fresh, previously unentrained water. Consider that for a current speed
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of only one knot past a moored platform, the fluid which is 'entrained"

by the motion of a platform may convect about 17 feet during a 10-sec
period ; such a period is common for ocean waves, and the distance is

about half of a typical column diameter for a large semi-submersible
drill rig. Entrained fluid energy can be convected away at an appreci-
able rate by modest currents producing important effects on damping
and, hence, resonant response.

Indeed, when the damping force is non-linear and, hence,

superposition cannot be applied, it may be inappropriate to apply an
oscillatory drag coefficient obtained for a particular structural element
from tests with rectilinear oscillatory motion [4 3-45, 4 7-5 ij to the

somewhat different kinematic conditions of the orbital velocity pattern

of waves. The differences may be modest but the question should be
posed and, hopefully, investigated.

The question of scale effects is persistently present and model
experimenters must be alert (and somewhat intuitive) to recognize
when it may be appreciable. When phenomena are recognized to be
predominantly viscous in origin, we are likely to suspect the possibi-

lity of scale effect. This is, of course, due in large part to the hi-

story and experience of testing ship models for resistance. Very
little is known about scale effects on oscillatory hydrodynamic forces
which may be relevant to platform motions testing and analysis. Some
years ago, however, a program of experiments to study scale effects

on roll damping of circular cylinders with and without appendages was
undertaken by the Naval Ship Research and Development Center and
Davidson Laboratory. While these studies were not directed to plat-

form motions, the results are relevant to the phenomena of oscil-

latory damping in general and since they are the only results with

which we are familiar which show the effect of model size, it may be

useful to discuss them. Three cylinders with diameters of 6-in, 12-in

and 24 -in were suspended vertically in water by torsion springs. Three
kinds of appendages were symmetrically attached to the models, as

shown in Figure 35 for the smallest (6-in-diam) cylinder. Curves of

decaying oscillation from various initial angular displacements were
recorded and analyzed to obtain "square-law" damping m^oment coef-

ficients of the form

damping moment
C = ~ ^ q . . (43)m (P/2)A R "^ eidl

c.a.

where A is the frontal area of both appendages and R^a. ^^ ^^®

radius from the axis of rotation to the center of area of the appendage.
The results are tabulated in Table 15.
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The 6-in and 12-in diameter models were tested at Davidson Labor-
atory by Mercier [59] , while the largest model was tested at the

Naval Ship Research and Development Center by Gersten [60] .

The lessons of these test results are not entirely unexpected :

sharp-edged geometric details produce high drag and little scale effect

while well-rounded geometries produce lesser drag and are susceptible

to perceptible scale effect. These results may provide qualitative guid-

ance for other applications and configurations, such as for choosing a

suitable scale ratio for a wave test of a floating platform with buoyant

caisson-and -footing floatation elements.

Damping effects, while of principal importance for a fairly

narrow band of frequencies near resonance, can have an appreciable

effect on spectral response when there is appreciable wave energy at

the resonant frequency. The nature of the damping and its dependence
on geometric and flow features is as yet only imperfectly understood
adn needs to be studied more vigorously.

ISOLATED FLOAT EXPERIMENTS

An experimental program was undertaken to determine hydro-
dynamic forces and moments and certain other features of perform-
ance for several floats. The results of these experiments may be used
in conjunction with analytical work, such as described in the last sect-

ion, to obtain empirically adjusted analytical procedures for perform-
ance evaluation. Certain results may also be compared with results of

interaction tests, where several floats were placed in close proximity,

to determine hydrodynamic interaction.

Models

Several types of models were built to evaluate the influence of

various features on performance. Some of these models were selected

on the basis of the analyses described in the previous section of this

report. Some were also tested as part of an array of floats to evaluate

interaction effects. The scope of Isolated float testing was curtailed

when the extent and significance of interaction effects on wave-induced
vertical floats was discovered. All models investigated in this test

program were built to a scale ratio of 1:57.6.

Figure 36 illustrates the models which were tested. The deep
cylinders (Figures 36-36) were planned to investigate the effect of
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bending rigidity of the fabric attenuator on float forces and other per-

formance features. Using classical vibration theory [61J , with an as-

sumed bending rigidity E = 15.268x10" Ib-ft^ for a six-foot diameter

pressurized inflated float tube constructed of 3000 lb/ in fabric, the

computed lowest lateral bending frequency of the attenuator is 0. 11 Hz,

assuming hinged-free boundary conditions (corresponding to tests with

the hinge, if the hinge is omitted, the lowest two cantilever natural

frequencies are 0.025 Hz and 0. 16 Hz ). Since these frequencies are

within the range of significant wave energy, it appeared to be impor-

tant to study flexible model performance. The scale -equivalent flex-

ural rigidity of the 1/57. 6 -scale model was provided by a central

0.45"x0.06" plexiglas flat strip. The external shape of the float was
simulated by cylindrical segments secured to the flexure strip by ple-

xiglas bulkheads. A system of baffles and flow passages were used to

inhibit flow passing from outside the model to inside it but which per-

mits flow communication within the float. For shorter floats, the e-

lastic laterla natural frequencies are higher and consequently, the in-

fluence of rigidity is lessened.

The slender float of Figure 3 6c was used in one set of inter-

action tests, while the full float of Figure 36d was used in the other set

of float interaction tests and for the dynamic island tests. The float of

Figure 36e is the same as that of Figure 3 6d except for the rounded
bottom.

Apparatus

The apparatus used for these tests was an improved version of

the equipment described by Mercier in published references [62,63] .

Existing force balances and motion transducers were adapted for these

tests.

A new data reduction procedure was applied for these tests.

Electronic signals for forces, moments, waves and/or forced motion

(heave, surge, pitch, sway, roll ; but not yaw) were recorded on

analog magnetic tape as well as on oscillogramis. For some of the

tests, the signals were immediately processed by an on-line computer-
controlled analog-to -digital converter and further evaluated by the

computer (PDP-8E) to determine the Fourier coefficients of the signals.

Other tests were "played-back" later during off-line processing.

Sampling was carried out at the rate of eigher 20 or 50 samples per

second, permitting accurate (and easy) interpretation of electronic-

wave-forms which were sometimes relatively "noisy". Usually only

the first harmonics of the wave forms were determined, but for sever-

al tests the second and third harmonics were also computer. Higher
harmonics are of interest primarily for large amplitude waves or
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motions where linearity of forces and moments is in question. Five to

ten complete cycles of the wave forms were "averaged" in determining
the Fourier coefficients except when the test period was very long,

when no less than three cycles were used.

Forces oscillation tests were carried out by adjusting the crank
offsets of the several motion-producing linkages so that either pure

heave, surge, or pitch were produced. Yaw motion was not tested. A
cosine potentiometer was coupled to the drive shaft of the mechanism.
A constant (battery) voltage was applied to this potentiometer whose
output was consequently proportional to the cosine of the shaft rotation

angle and thus was suitable for use as a phase reference for the motion.

For some tests, both in waves and with forced oscillations, a

hinge was used to permit the lower end of the attenuator to oscillate

like a pendulum under the action of waves. In this way, the periodic

side loads due to the waves are not completely transmitted to the float-

ing base connecting structure by way of bending moments in the float

but are rather absorbed by the pendulum-like motion of the attenuator.

This reduces the strength requirements of the inflated float and, con-
sequently, weight and cost.

A rotary variable differential transducer was connected to the

attenuator by a system of strings to permit the measurement of ang-
ular motion.

Scaling

The periodic hydrodynamic forces and moments are assumed
to follow Froude's scaling law. Thus the full-size force and moment
are related to model quantities by

F, „ .
= F ,

,
X

"^"^ ^'"^
X V' (44)

full size model p , .,model

Tv/r - M ^^^11 si2;e 4 .M .
- M _, ^ X X X' (45)

full size model /, , ^
'^model

where
F = Force

M = Moment

P = F luid density

X = Scale ratio
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The corresponding frequencies f (cycles per second), for full

scale and model, are also related by F roude's law

f. = xf (46)
f.s. r-r- m

Results

Vertical wave forces for the floats of Figures 36d and 36e are

shown in Figure 3 7 along with a comparison with theoretical results

according to Eq.(34) (except z. was assumed negligible) and with the

simplified Newman (or Froude-Krylov) theory which neglects that added

mass type force. Model results are corrected to the full-size float in

this and all subsequent figures. The effect of rounding of the bottom

end of the float is insignificant and cannot be detected within the ac-

curacy of the experiments. The phases between the wave and the heave

force are not shown in the figures but, in general, for low frequencies

the heave force is almost in-phase with the wave (maximum upward in

way of a wave crest) while at high frequencies the force is nearly 180°

out-of-phase with the wave. It naay be noted that the agreement of test

results with the complete predictive theory is quite good for this case.

A comparison for a fuller float, which had been tested by Mercier [64j

on a previous project, is shown in Figure 38. A computation procedure

applied by Ochi, [65] based on two-dimensional strip theory is also

shown. It is seen that the calculations are not as satisfactory for this

rather fat float.

Tests with the attenuators attached to the upper part of the float

through the hinge indicate that the vertical forces due to waves are not

affected by the hinge, within the limiits of experinaental accuracy.

The side forces measured in waves are exhibited in Figure 39

for the full float of Figures 36d and 36e. Again, no influence of the

rounded bottom is discernible. The phase of the force is approximately
90° with respect to the wave, indicating that the force is predominant-
ly due to pressure gradient and inertia forces. The influence of wave
amiplitude on the forces and on the phase of the forces relative to the

wave has been found to be small for the range of wave amplitudes used

in the tests (corresponding to 1.1-ft to 10.0-ft, full size).

Side force due to waves for the slender float of Figure 36c is

presented as a function of wave frequency in Figure 40. This infor-

mation is presented in Figure 41 for the rigid and flexible cylindrical

models of Figures 3 6a,b. Results for all m.odels with the hinge in

place are given in Figure 42 and the corresponding angular pitching
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motions are given in Figure 43. The side forces are seen to be remark-
ably lower than the results without the hinge. The amount of angular
motion, which is greatest for low frequencies of course, is about 3°

per foot of wave elevation for a frequency of 0.0 7 Hertz. The resi-

lient model exhibits a resonance-like behavior at a frequency of about

0. 12 Hertz, somewhat higher than the calculated value of 0.11 hertz,

as evidenced in both side force and pitch motions. This relatively

modest amplification of response occurs at a frequency at which signif-

icant wave energy exists and is consequently considered disadvantage-
ous.

A variety of other tests also were carried out, using several of

these floats models and with various damping plates fitted. Besides
wave tests, forced heave and surge oscillation tests were carried out.

Results of these tests have not yet been analyzed in detail but are stor-

ed on magnetic tape for future processing.

INTERACTION EFFECT TESTS

Preliminary Wave Tests

Although in previous experience with floating platforms such
as for drill rigs, hydrodynamic interaction between adjacent floats

was found to be negligible, the large numbers of floats planned for the

Floating Expandable Base are so closely packed in relation to their

size that it was considered vital to investigate the interaction between
floats at an early stage of this program.

Wave-induced forces were measured on individual floats in an
array consisting of five rows of five floats each. The force-measuring
balance could be moved so that forces on any one of the floats could be

measured, as desired. The spacing of the floats was either three

times the water-plane diameter or five times. Two sets of floats,

shown in Figures 36c and 3 6d, having different proportions and drafts,

were tested with and without damping plates.

Certain general findings of the tests can be given : the side

forces and pitching moments acting on the floats due to waves are prac-

tically un-influenced by proximity ; the vertical wave-induced force is

modified by an apparent increase in an added-mass type force com-
ponent which is significant for higher frequencies and accounts for

about a 30% increase above the isolated float results for the fatter of

the two floats studied. Further, damping plates attached in way of the
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fat lower parts of the floats may result in severe interaction influence

on the drag-type force component but plates may be attached to the

slender upper part of the float without important interaction. When the

spacing of floats was five timies the water-plane diameter, no measur-
able interaction influence was observed.

Some results for vertical (heave) force on the full float of fig-

ure 36d, both in the middle of the 25 float array and isolated, are

exhibited in Figure 37, which shows the increase in force at high fre-

quency. The introduction of a ten-foot diameter damping plate at the

junction of the conical transition piece and the upper float produced
only a nainor increase in lift force at high frequency. Rather similar

results were obtained with the deeper, more slender float of Fig. 36c;

but when damping plates having 13. 5 -ft diameter were fitted to the

lower end of the floats, the wave forces were dramatically increased,

evidently because of a drag-type component in phase with the vertical

wave velocity. The forces on the interior float elements of the array

were found to be virtually the same as one another while the floats in

the forward row (near the wave generator) and in the aft row were
close to the results for isolated floats.

Horizontal forces measured on the full float of Figure 3 6d,

isolated and in array, are shown in Figure 39. It is found (somewhat
surprisingly) that little or no interaction occurs for this conaponent of

force and the floats in array experience essentially the same side force

as the isolated floats.

Large -Array Investigations

A freely-floating model of a substantial segment of a Floating

Expandable Base, having 35 rows of 6 floats each like those of Fig.36d,

with rows connected to each other by parallel motion linkages which
are intended to permit freedomi to heave while restraining against

pitch naotions, was tested in regular waves in Davidson Laboratory
Tank No. 3, which is 300-ft long x 12-ft wide x 6-ft deep.

A particular, unexpected result of this model test program
with the 35 by 6 array of floats (which have a nominal scale ratio of

1/57.6) was a "tail-wagging" phenomena where the heave motions in-

creased from front to rear of miodel. This is an especially significant

feature of the performance of arrays of large numbers of such floats.

A variety of experiments have been carried out in order to study cer-

tain aspects of the hydrodynamic interaction observed in the motions

response tests of the 35 by 6 array of floats. These include wave force
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measurements on individual element rows of this large array to de-
termine if the variation of wave force, with the model held fixed, is

sufficient to produce the motions obtained in the previous test.

Possible scale effects were investigated briefly because of the
possibility of viscous wake interaction due to vortex shedding, separat-
ed flow, etc., being dependent on Reynolds number. Since large scale
model investigations are liable to be quite expensive, smaller scale
tests were undertaken. Although it is not at all clear in what way the
interaction effect in this unsteady flow situation depends on Reynolds
number (this dependence can only be established by extensive ex-
perimentation), it has been found that for many flow situations a mo-
dest reduction in size, or Reynolds number, can have as much effect
as a substantial increase in size. A model approximately one-third of
the size of the 1/57. 6-scale model, resulting in about one-fith of the
Reynolds number, was employed.

Review of the wave-induced force measurements with the

1/57. 6-scale model indicated that the variations in forces correspond
reasonably with the variations in motions over the forward and middle
part of the island but do not exhibit a continuous increase toward the
trailing edge, which was felt to be called for to explain the tail-wagg-
ing. Since a suitable explanation in terms of elastic interaction is not
presently available, it was decided to re -test the articulated 6x35
array in the 75'x75'x4.5' deep wave test tank (No. 2) in order to as-
sure freedom from tank sidewall influences.

An approach to an analytical description of the deck motion,
taking deck elasticity into account, is discussed but an explanation of
the tail- wagging does not appear to follow from this analysis.

Plans for a comprehensive test program to determine the ef-
fects of variations in parameters such as float spacing and shape,
wave frequency and height, deck rigidity and number of floats on the
motions of the platform are described.

Models

Articulated Ivlodel

A preliminary design for float-attenuator shape was developed
on the basis of a simplified hydrodynamic analysis and a particular
limiting vertical motion criterion. The selected float had a relatively
shallow draft and large diameter near the lower end. No interaction
effect was anticipated in selecting the float shape. A scale ratio of

1/57.6 was selected ; the full-size float has 6-ft diameter at the water-
line while tlie model was fabricated with 1 1/4-in O.D. plastic tubing.
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The 210 float elements were made of plexiglas tube and sheet accord-

ing to the sketch shown in Figure 44. Solvent -bonding was used to as-

semble the parts in a watertight fashion.

The float elements were connected in sets of 6 to an aluminum
channel. The channel was lightened considerably by drilling holes and

the tubes were ballasted with brass weights and lead shot so that a row
floated at the correct draft and roll angle, with a small positive roll

stability. This was checked by floating the sets in a fish tank while

lightly restraining them against pitching (the rows are very unstable

in pitch).

The rows are connected to each other by linkages consisting of

3-3/4"x l/2"x0.050" aluminum strips with 1/8" diameter reamed
holes spaced 3-1/4" center-to-center. The linages roll on 0.1245

diameter X l/8" long shoulder screws which are secured to light posts

at the ends of the rows of floats. The vertical spacing of the linkages

is 4 inches. The float are arranged in an equilateral triangular fashion,

as indicated in the sketch of Figure 45.

Although roll stability of the articulated model is present be-

cause each row is suitably ballasted, the pitch behavior is unstable

because each row is unstable and the 4 -bar-linkage connections provide

no restraint unless one row is held so that it can move only vertically.

The center row (number 18) was restrained by a vertical tube which
slides in a pair of linear-motion ball bearings, as indicated in the

sketch of Figure 46.

The linear miotion bearing is secured to a light weight (approxi-

mately 3 lbs) carriage which rides on low-friction wheels on a mono-
rail about 12 inches avove the water, permiitting effective freedom of

surge.

The vertical motions of five locations along the lenght of the

model, at rows 1,9, 18,27 and 35, were measured by systems consist-

ing of a long (approximiately 8 ft) vertical string between the measure-
ment point on the model and quadrant connected to the shaft of a rotary

variable differential transformer (RVDT). These RVDT's have very
low friction ball bearings and the quadrants are very slightly counter-

balanced to assure that the string remains in tension.

Motions tests were carried out in November 1971 in Davidson
Laboratory Tank No. 3, which is 300-ft long, 12-ft wide and 6-ft deep.

Additional tests were carried out in June 1972 in DL Tank No. 2,

which is 75-ft long, 75-ft wide and 4.5-ft deep, to check whether tank
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sidewall influences were appreciable. These tests were undertaken
after measurements of wave -induced forces were carried out with the

same floats, secured to a different mechanism, so the floats and ar-
ticulating linkages were completely disconnected and reassembled be-
tween the two sets of tests in the two tanks.

Wave elevation measurements were made at three locations

during these tests : a) at a location about 10-ft forward of the "bow"
of the platform model and about 1-ft abeam of the model centerline

(the bow of the model was situated 35 feet from the wavemaker; b) at

a location about 1-ft abeam of the side of the model at its midlength
and, c) at a location about 10-ft aft of the model's stern and about
1-ft abeam of the model's centerline. Wave measurements were made
without the model in the test tank for all wavemaker settings used for

the test program so that reference measurements without possible re-
flection effects would be available.

Spring lines were connected to the bow and stern to restrain
the model against yawing or excessive drifting. The bow line was
connected, through two ordinary rubber bands in series, between the

deck of the model and a fixed point at the same elevation about 10-ft

forward of the bow. The stern line was connected at the deck and over
a pulley about 10-ft aft of the stern, to a 0. 10-lb weight. The light

tensions in these lines are considered to exert very little influence on
the motions of the model.

Wave-Induced Forces

Large Model

In order to study the effect of interaction on wave-induced
forces to correlate with motions measurements of the articulated mo-
del, the same floats used in the motions tests were adapted for use in

a restrained model rig.

The sets of six floats were disconnected from the transverse
channels solvent bonded to 1-inch square times 30-inch wide plexi-

glas bars. The bars were secured to a pair of 2"x4"xl2' aluminum
strongbacks which were, in turn, connected to the bridge spanning the

75 -ft length of DL Tank No. 2. The spacing and staggered array of the

floats is the could be measured for any desired row of floats.

Wave elevations were measured at three locations : a) 10-ft

forward of the row of floats nearest the wavemaker and about 1-ft

abeam of the model centerline (the first row was situated 35 feet from
the wavemaker for the small model tests also), b) atalocation 14-in
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from the model centerline directly abeam of the row of floats in which
measurements were being made, and d) at a location 4-ft aft of the

last row of floats and about 1-ft abeam of the model centerline. Again,

wave tests were done at wavemaker settings for which wave measure-
ments with the model present were available.

Results

Motion Tests

Articulated model motions tests were carried out with regular

waves in the 75-ft wide Tank No. 2 to compare with results previously

obtained in the 12-ft wide Tank No. 3. Presumably if any effects of

tank wall interference were present for the first series of tests, they

will not be present in the tests in the wide tank.

Results in the form of heave amplitude divided by wave ampli-

tude, Z/f (in/in) for Row 18 are given in Figure 4 7 as a function of

model-scale frequency. The repeat test results of Tank 2 are given

with different plotting symbols to distinguish them from the previous

Tank 3 results. The differences between the results are not great and

similar agreement exists for measurements for Rows 1,9,27 and 35.

The results have been cross-faired by means of "carpet-plotting" and

the smoothed curves are presented in the composite Figure 48 which

shows the substantial tail-wagging.

Force Tests

Large Model

Force naeasuremients results, in the form of oscillatory heave

force amplitude divided by wave amplitude, Z/f (lb/ in), for Row 17,

are given same as for the articulated motions model.

One row of Ifoats is not connected to the strongbacks but is

coupled ot a force balance systein for measuring vertical and horizontal

wave forces. This row may be located in any desired position, while

the "fixed" rows are also relocatable so that the forces acting on any

one of the 35 rows of floats can be measured.

Wave elevation measurements were made at several locations

during these tests : a) at a location 10-ft forward of the row of floats

nearest the wavemaker and about 1-ft abeam of the model centerline

(this first row was situated 35 feet from the wavemaker) ; b) at a lo-

cation 2 7-in fronn the model centerline directly abeam of the row of

floats on which measuremients were being made ; and c) at a location

4-ft aft of the last row of floats and about 1-ft abeam of the model
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centerline. As for the motions tests, wave measurements were made
without the float models present for all wave maker settings used for

the test programi.

Small Model

In order to study the effect of model size on hydrodynamic
forces, an array of 35 rows of 6 each of smaller scale models was
constructed. The scale ratio relative to the larger model was 7/20,

corresponding to the ratios of the diameters of the surface piercing

tubes, 7/16:5/4. The shape of the floats, similar to that of the large

naodels, was produced by thin- walled wax castings. The damping col-

lars at the top of the conical part of the float are stiff mylar film glued

to the tube.

The floats were attached in rows to 3 0- in wide bars (except for

the row used for measuring forces) which were, in turn, attached to a

pair of 2"x 4"x5' aluminum strongbacks which were connected to the

bridge in the same way as for the large model tests. The spacing ratio

and staggered array are the same as for the large model.

The measurement row of floats was connected to a force ba-

lance system for measuring vertical and horizontal wave forces. This

row of floats could be moved, as in the tests with the larger model, so

that forces in Figure 49 as a function of frequency. Surge force results

are given in Figure 50.

Cross -faired results in the form of carpet plots are given in

Figures 51 for heave and 52 for surge force.

It is interesting to note that the heave force shown in Figure 51

does not increase dramatically at the stern as does the heave motion,

as shown in Figure 48.

Small Models

The force measurements data obtained in the tests in the large

tank are presented in the corresponding figures for the large models.
Results have been expanded by Froude's Law so that small model data

are expressed in large -model-equivalent forces and frequencies. Dif-

ferent plotting symbols are used to distinguish small model results

from large model results. A composite carpet plot of the heave force

is given in Figure 53 for these small model results which are some-
what different from the large model results.
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Discussion of Interaction Test Results

Comparison of Articulated Model Tests

The results, examples of which are given in Figure 47, de-

monstrate that tests with this model are repeatable. Although the

"scatter" of the data points even within a given test program (Tank 3

or Tank 2) is rather large, there is sufficient consistency between the

tests to say with confidence that the measured motions - in particular

the unexpected "tail wagging" - are characteristic of this articulated

model (and its associated apparatus, viz., pitch-restraining heave
most at Row 18 and low-tension spring lines at bow and stern). The
motions recorded in the tests in Tank 3 were not importantly influenc-

ed by tank side wall effects.

The carpet plot of Figure 48 exhibits the dependency of the deck
motions on position along the length of the model and frequency. The
tail-wagging phenomena are shown clearly for all gigher frequencies.

The frequency range covered here corresponds to full-scale fre-

quencies for which significant wave energy exists for sea states with

significant wave height K-^/-^^ <15 feet.

Correlation Between Heave Force Measurements and Motions

The heave force results obtained in the large model (an ex-
ample of which is shown in Figure 49 and a carpet plot in Figure 51)

show important interaction effects on the vertical wave-induced force.

For instance, for f = 1.2 Hz, the force in the middle of the model is

42% greater than that at the bow, while the force at the stern is 36%
higher. It may also be shown that, for this frequency, the force at the

bow is 20% higher than those reported for the tests with the smaller

(five rows of five) array except that the outside rows (front and back)

are different from each other and different from isolated float results.

The fore-and-aft asymmetry of the wave-induced heave force

suggests that the interaction may be influenced by either free-surface-

type frequency dependent effects or, perhaps, some viscous wake ef-

fects. If the interaction were purely potential in character and unaffect-

ed by wave diffraction effects (as is expected for slender bodies in re-

latively long waves), a linearized representation of the interaction ef-

fect on the vertical force due to waves on the j float due to the pre-
sence of the other floats might be expressed, formalistically at least,

as
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where

(-:) is the vertical force due to waves on the j float as

j, o though it were isolated,

th
and ^

-xr
expresses the interaction effect of the k float on the

vertical force due to waves on the j float.

The interaction is expressed simply as a function of the distance be-

tween the two floats, which would be valid under the assumptions stat-

ed of negligible free surface and viscous wake effects. This repre-

sentation indicates that the interaction effect should be symmetrical,

fore-and-aft. It is not possible, at this time, to say whether the asym-
metrical characteristic of the force is due to free -surface or viscous

wake influence. An investigation of the effect of wave diffraction ac-

cording to a simplified slender body analysis is presently being plann-

ed.

Dynamic Motions Analysis

The response of multi-degree-of-freedom dynamic systems to

constant frequency exciting forces can, in general, be expressed as a

sum of normal mode components (cf
.

, Biggs 66 or Timoshenko 61 ),

which can be expressed for a beam in the form

n

z(x,t) = E A^ . (DLF) ^ (x) (48)
Hg^ n ^n

where
^ (x) = is the normalized model shape of the n mode of
n

^nst

o scillation of the structure

^ /pi(x) v^(x)dx

w /m ii> ^(x)dx
n J n

p^(x) = distributed exciting force

m = mass per unit length of beam

CO = (natural frequency) of n normal mode

DLF = ^ ; for simple harmonic exciting force with

l-(a;/a) ) frequency co , neglecting damping

Normal mode shapes, ip , may be characterized as symmetrical and

asymmetrical about the midlength of the deck (beam).
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A set of normal modes and natural frequencies for a particular

assumed island structure and float -attenuator size have been calculat-

ed by J.Rice of Goodyear Aerospace [67] . The first eight elastic

"free-end" modes of oscillation were found to have natural frequencies

corresponding within 0.23% of the pure heave natural frequency I

While these results are applicable to the particular large is-

land which Rice considered, it seems probable that the articulated

model, with its essentially negligible elastic interconnections, will

also have normal modes whose frequencies correspond to the free

heaving frequency of the float elements. Thus the dynamic load factors

(DLF's) for all modes, symmetric and asymmetric, will be essential-

ly the same. Then, according to the definition of the amplitude func-

tion. An . , the motion should correspond closely to a weighted sum
of the distributed load. A detailed evaluation of the response would
require significant numerical work but, intuitively, it does not seem
reasonable to expect the modest asymmetry of the wave induced heave
force (Figure 51) to produce the pronounced asymmetry of the heave
motion response (Figure 48).

Surge Force Interaction

Results given in the carpet plot (Figure 52) indicated virtually

no influence of position in the array on surge force due to waves at

low frequencies, but as much as 43% increase (naonotonic with di-

stance from the bow) at f = 1.4 Hz.

Scale Effects

Force measuremaits shown in Figures 49 and 50 include the

small scale model results. They are seen to be somewhat lower, in

general, than the larger model results, but the trends of the results

are quite similar. Differences may be partly attributable to experi-

mental error. The magnitudes of the oscillatory forces being measur-
ed on the small models are of the order of 0.001 lbs : such small
measurements are not routinely executed in hydrodynamic laboratories

such as Davidson Laboratory. The scale effect exhibited may be due

to either viscous effect (Reynolds Number) or surface tension effects

(Weber Number).

Wave Measurements

A few wave elevation measurements were made at locations

within the array of the rigidly-held large models. The results show
that the wave amplitudes are significantly higher (about 10 to 20 per
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cent) than in the absence of the model, probably because of the block-

age of flow within the nest of obstacles.

Plans for Comprehensive Test Programs

The results of the exploratory tests have not yielded an explan-

ation of the interaction effect, specifically the "tail-wagging" pheno-

mena, associated with the articulated model motions tests. The force

measurements reveal that a significant hydrodynamic interaction ef-

fect exists which would be expected to importantly influence the heav-

ing response even if the tail wagging behavior were not observed. Con-

sequently, it is necessary for design purposes to systematically in-

vestigate the effect of hydrodynamic interaction on the heave motions

response of resiliently connected arrays of floats.

An experimental program to study the influence of float center-

to-center spacing, expressed in terms of waterline diameter, float

slenderness, deck rigidity, size of array, externally provided damp-
ing, and yaw-restraining spring-line restraint, has been developed and

will be carried out during August 19 72.

Three sets of floats, having different spacing ratios (3 to 1,

3. 75 to 1 and 4.5 to 1) are being built. Each set will consist of seven-

teen rows fo ten floats each. The ten floats in each row will, in this

case, provide ample roll stability : these rows consist of sufficiently

stiff, yet very light weight, T-sections connected to the cylindrical

floatation tubes.

The seventeen rows will be connected by two sets of plastic

splines, one pair at each gunwale, which provide sufficient pitch res-

traint for the otherwise unstable rows of floats, and which simulate a

specified deck elastic beam-like behavior. The full-size deck stiffness

is assumed to be equal to a plate El of 80x 10^ ib-ft^ per ft of deck

width, a value recommended by GAC engineers. This stiffness scales

according to the 4th power of the scale ratio, which is taken to be V'^S,

with 1 1/2 -in diameter model floats corresponding to 6 -ft diameter

full-size (waterline diameter). For the middle -spacing set of floats,

an additional simulated deck rigidity, twice as large as the nominal

value, will be tested by using plastic splines of the same thickness

and spacing but each twice as wide.

The float attenuators to be used are thin-walled wax castings

with aluminum tubes at their upper ends. The shapes were selected so

that their calculated heave responses, assuming no interaction effects,

would be the same. The maximum diameters are 1.5 and 1.8 times
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the waterline diameter, while the corresponding full-scale drafts are

96 ft and 78ft, respectively.

Since the full-scale floats are expected to require a hinge to

alleviate the bending loads due to wave action on the upper part of the

float, it has been decided to simulate these hinges for the present

comprehensive test program. The hypothesis that the attenuators will

oscillate in harmony under the action of waves will consequently be

tested at this early stage. The hinges are made of very flexible sili-

cone rubber.

The attenuators are to be ballasted so that when flooded with

water, they have effectively neutral buoyancy and the center-of-gra-

vity slightly below the center-of-volume so that a small positive pen-
dular restoring moment exists. The attenuators and hinges can be in-

terchanged from one row of floats to another.

Tests in regular waves to determine the heaving miotions will

be carried out with all possible combinations of floats and attenuators,

plus the increased deck stiffness for the intermediate -spacing floats

with one of the sets of attenuators.

An auxiliary investigation will be made of the motions of a

smaller array of floats, 10 rows of 10 each, to explore the effect of

extent of the array on the interactions.

Other auxiliary investigations will include a brief study of the

effect of externally applied (not from appendages immersed in the test

tank) viscous damping for a range of frequencies, including as nearly
as possible the heaving natural frequency. Some tests will also be

carried out without the yaw restraining spring lines in place.

Results will be compared with theoretical calculations and, it

is expected, sets of interaction coefficients derived^
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DISCUSSION

The chief findings of these investigations may be given as :

1. The vertical wave-induced forces on relatively slender, ver-
tically-oriented, isolated floats can be evaluated with adequate ac-
curacy according to available analytical procedures (Eq.34).

2. The introduction of a hinge to permit lateral pendulum-like
motions of the lower (attenuator) portion of the float produces a large
reduction of the lateral wave -induced load.

3. This hinge does not have an appreciable effect on the vertical

wave -induced forces.

4. Articulated Model Island tests indicate that an important inter-

action effect on heave motion occurs. This may be due to hydrodyna-
mic effects, or to some kind of elastic or connecting mechanism ef-

fects. A simplified elastic normal mode analysis does not appear to

indicate "classical" linear elastic effects leading to the interesting

"tail wagging" phenomena found in the tests.

5. The vertical wave -induced forces acting on rigidly-fixed floats

in an array like that of the articulated model island show an appreci-
able effect of interaction, principally on floats in the interior of the

array. There is, however, a small fore-and-aft asymmetry of this

heave producing force, with the stern row of floats experiencing slight-

ly higher forces than the bow but still less than the middle floats. It is

felt that this asymmetry of the exciting force is not sufficient to pro-
duce the substantial "tail wagging" of the motions tests.

6. The longitudinal wave-induced forces acting on the rigidly-fixed

array of floats show only a modest effect of interaction, which is

greater for high frequencies than for low.

7. Scale effects on wave -induced forces acting on a large rigidly-

fixed array of floats were investigated by testing a model whose size

is much smaller than would ordinarily be selected for hydrodynamic
testing. The forces measured on the small models were somewhat
lower than those obtained with the larger model. The trends of va-

riations of forces with frequency are the same for both sizes of models.
It is considered that models sizes ordinarily selected for platform
motions tests are generally satisfactory and free of important scale

effects except possibly for some viscous effect on damping forces for
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well-rounded structural elements. This exception is not expected to

be particularly unfavorable unless resonant behavior is of special in-

terest.
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NOMENCLATURE

FOR MOTIONS RESPONSE OF THREE AND FOUR FLOAT
PLATFORMS

A coefficient in interim standard sea spectral formulation, Eq. (2)

B coefficient in interim standard sea spectral formulation, Eq. (2)

E variance for x^" mode of response of platform to irregular

wave excitations, Eq. (6)

Ejj dimensionless response variance, (e.g., Eq. 7)

E. dimensionless response variance, Eq.(lO)

GM metacentric height

g acceleration of gravity

^1/3 significant wave height

k impulse response function

mQ variance of wave spectrum

m-|^ first moment of wave spectrum about ci)= axis

N number of occurrences of irregular response in given duration

of tinae

Prob probability of computed value of response being exceeded in a

given duration of time

Sc. wave elevation spectral density

T-|^ 27r m /m-, , or observed characteristic period of waves

t time, sec

't dimensionless time, t Vg/y '

X average apparent response (crest-to-trough) in x mode

(x)]^ /3 average of one-third highest responses, or "significant" re-

sponse

(x), /^„ average of one-tenth highest responses

X calculated extreme value of response in x mode, Eq. (9)

z heave motion

a dimensionless response (transfer function) for x^ mode,
^

Eq.(8a-f)

V craft displaced volume

f wave elevation
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d pitch motion

X wave length

<p roll motion

CO frequency, rad/ sec

CO dimensionless frequency = coVv ' /g

FOR PROBLEMS OF HYDRODYNAMIC INTERACTION IN BEAM SEAS

A„, waterplane areaw

A+ complex radiated wave amplitude ratio

(o+e)
A+ diffracted wave amplitude ratio

a incident wave amplitude

B beam.

Cgg ,etc added mass coefficient defined in Table 6

C section contour

F force or moment

F'^^^,etc wave-exciting force (moment) derived from the radiation

of mode m

G Green's function (source potential)

g gravitational constant

h wave elevation

£ hydrodynamic moment arm

K mean wave force or constant defined in Eq.(14)

M integer, moment or inertial mass

m number of mode of motion or sectional mass

m" two-dimensional added mass

N integer or two- or three-dimensional damping coefficient

origin of the coordinate system

p hydrodynamic pressure
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Q source intensity

r field point

S amplitude of displacement, surface or spacing

S ,etc surface at y—-co, etc.
- oo

s length of contour, segment or spacing

T draft of hull or period

t time

X, y, z Cartesian coordinate systemi

X,Y,Z components of force

SUBSCRIPTS

a indicating body a

b indicating body b

D indicating diffraction

f indicating force

H indicating heave or heaving force

h indicating wave

I indicating incident wave

i \-l , or indicating the imaginary or hydrodynamic damping
part

j indicating j*-" segment

k indicating k'-'^ segment

o indicating origin

r indicating the real or the hydrodynamic inertial part or relative

motion

S indicating swaying

R indicating rolling

W indicating waterplane or waterline

+ indicating y—*±oo
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SUPERSCRIPTS

e indicating even function

o indicating odd function

m indicating mode of motion

GREEK LETTERS

a slope of a segment

j8 suffix standing for e,o or (e+o)

7 suffix standing for m for radiation and /3 for diffraction

5 non-dimensional damping coefficient

e phase angle

*P velocity potential

X wave length

V wave number

p water density

>? the y-coordinate of source distribution, swaying miotion or

suffix denoting swaying

f the z -coordinate of source distribution, heaving motion or

suffix denoting heaving

<ji circular frequency

FOR SLENDER VERTICAL FLOATS AND LARGE ARRAYS

A frontal area of appendages, Eq. (43)

Ajj model static deflection, Eq. (48)

A^ waterplane area

Ctttt added mass coefficient for heave

Cjj^ damping moment coefficient, Eq. (43)

C^p vertical prismatic coefficient, V/A T

c' ratio of added mass of damping devices to added mass of at-

tenuation, Eq.(36)
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cl c^ ratio of damping to critical damping coefficient

DLF dynamic load factor

EI deck rigidity

F force

f frequency, cycles per second

g acceleration of gravity
9

k wave number = o /g = 27r/X

k'-|^ added mass coefficient for float -attenuator in heave, Eq.(35)

Lg^ length of attenuator

M moment

m" total added mass in vertical direction

m' element of added mass in vertical direction

m' added mass of attenuator in vertical direction

mi added mass of damping devices in vertical direction

R„ radius of attenuator
a

R radius to center of area of appendage, Eq.(43)

Rq radius of float waterplane

S sectional area of float body

T draft of float

W.k interaction effect of k^" float on vertical force due to waves
on j^^ float of array, Eq.(4 7)

X horizontal coordinate, along deck

Z vertical force

z vertical coordinate

Zg effective depth for evaluating wave acceleration for element of

added mass, Eq. (34)

V displaced volume

f wave elevation

f wave amplitude

f wave motion evaluated at depth corresponding to assumed
damping source
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6 angular coordinate, Eq. (43)

X wave length

X' scale ratio, full-size length/ model size length

p fluid mass density

0) frequency, radians per second

0) natural frequency
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Table 2 : Related series of float platforms characteristics of models
with three -float (triangular) configuration

GROUP D: Head Seas, All Floats Equal

Float Draft



Table 3

Kim and Merciev

Transfer functions for heave and pitch. Run No. 002
Four-Float (cruciform) configuration head seas tests

Hull Float Diam/Wing Float Oiam = 1.5
Float Draft/Diameter = 2.0

Damping Plate Diam/Float Diam
Metacentric Height/vV^

1.6

0.201

WAVE-HEAVE RESULTS

u3 = uj/v^'Vg
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Table 4 : Impulse response functions for heave and pitch. Run N.002
Four-float (cruciform) configuration head sea tests

Hull Float Diam/Wing Float Diam = 1.5

Float Oraft/Oiameter = 2.0
Damping Plate Oiam/Float Diam = 1,6

Metacentric Height/V^" = 0.201

t = t/g/Vi^
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TABLE 6 : ADDED MASSES AND DAMPING COEFFICIENTS

Mode
ADDED
COEFFI

MASS
CIENTS

DAMPING COEFFICIENTS

(2)

"SS ^

•^H

SR

(2)

(2)

'SS

727

'SS ± prrr^

"SH

SH i

'SR

pTTT®

SR

prrr^

ss
=
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TABLE 7 : THE HYDRODYNAMIC MOMENT ARMS

MODE
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TABLE 9 THE NON-DIMENSIONAL EXPRESSION OF THE WAVE-
EXCITING FORCES AND MOMENTS

m
(3)

H

p(0) -

R

pgaB

^H
PgaB

(/3)

^R
PgaBT

sway-exciting force

heave-exciting force

roll-exciting moment

where

B

/3

TABLE 10

beam of the body (a or b )

o or e corresponding to the odd or even potential

(o)

'I

-I. ^^ or ^j + 'P^

THE RELATIONS BETWEEN THE FORCE COEFFICIENTS
DUE TO MOTIONS FOR TWIN BODIES a AND b

^^H^a
-



TABLE 11

Kim and Mercisr

THE RESULTANT HYDRODYNAMIC FORCES AND
MOMENTS DUE TO MOTIONS FOR TWIN CYLINDERS

Ss



Analyses of Multiple-Float-Supported Platforms in Waves

TABLE 13 : THE RESULTANT WAVE-EXCITING FORCES AND
MOMENTS FOR TWIN CYLINDERS

's



Kim and Mercier

CENTER OF GRAVITY

MODEL WEIGHT = 20 LBS

PITCH GYRADIUS = 16.50 IN

ROLL GYRADIUS = 14. I 2 IN

Figure 1 : Sketch of crudiform float platform model
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CENTER OF GRAVITY

PLEXIGLASS DAMPING PLATE

MODEL WEIGHT = 20 LBS

PITCH GYRAD lUS =16.68 IN

ROLL GYRADIUS 9 IN

Figure 2 : Sketch of triangular array float platform model
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WaVE - PITCH

WAVE -HEAVE

0.4 0.6 0.8 1.0 1.2

FREQUENCY PARAMET ER,S = Cl/ V V '^'^/q

Figure 4 : Examples of transfer functions : amplitude, phase and

coherency. Cruciform model in head seas. Run 02.
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T/D, D„/Op TEST

16 002

1.4 012

1.8 018

1.6 047

4 6 0.8 1.0

FREQUENCY PARAMETER, UJ -U) Vv "/^

Figure 7 : Transfer functions (amplitude only) for heave of some
cruciform float arrays in head seas Group A, hull float

diameter/ wing float diameter =1,5
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WAVE-LENGTH/ v' ' = X / V
,'/'

J I L J L

0.4 6 O.a 10

FREQUENCY PARAMETER, 5 ^W-y/v''^^

< 1,000

10,000 "

—

Figure 8 : Transfer functions (amplitude only) for pitch of some

cruciform float arrays in head seas group A, hull float

diameter/ wing float diameter =1.5
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Figure 9 : Effect of damping plate size on spectral response of

cruciform array of floats

Hull float diam/wing float diam =1.5 (head seas)
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0.16

0.14 —

- 0.12

z 0.10 h-
o
h-

o
S 0.08 h-

o

n 0.06 I—

0.04 —

^ 0.02 —
CO

' 0/4
0/4

Figure 10 : Effect of damping plate size on spectral response of

cruciform array of floats

Hull float diam/wing float diam = 1.2 5 (head seas)
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Figure 11 : Effect of damping plate size on spectral response of

triangular array of floats (head seas)
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Figure 12 : Effect of slenderness on heave spectral response of

crudiform and triangular float arrays (head seas)
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HSr

Figure 14a
:
A typical system of forces induced by heaving motion

Figure 14b :
A typical system of forces induced by swaying motion
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Figure 14c : A typical system of forces induced by rolling motion

^y.

Figure 14d : A typical system of forces induced by waves
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2S/B = 2

Figure 15 : Heaving, swaying and rolling added mass and damping
coefficients for cylinder a
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z 2S/B=2

-tl^^

Figure 16 : Heave -induced swaying, sway-induced heaving, and roll-

induced heaving and swaying forces on cylinder a
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0.5 I—

0.4

n 2S/B=2

-C^S?^'

ir. =£ '^'

^HSr.^RSr, J?RSi=-^SSi=J?s'°'

J \ L_
0.1 0.2 0.3 0.4 0.5

I/B/2

Figure 17 : Hydrodynamic moment arms on cylinder a

913



Kim and Mevoiev

Z-
2S/B=2

160 I

—

10)_ ^ .r-

Figure 18 : The sway-and heave -exciting forces on cylinder a

induced by even and odd waves
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< 120 —

A 80 -

Figure 19 : The sway-exciting forces on cylinders a,b and a+b
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t-
2S/B=2

^.-^^X\T

Figure 20 : The heave-exciting forces on cylinders a,b and a+b
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160 r—

80

80

160

£ (y)

r
2S/B=2

SWAY ( r-2)_

HEAVE (y-3)

HEAVE (y=3)

SWAY(y=2)

DIFF. WAVE(y=0+e)

Figure 21 : The radiated and diffracted waves generated from the

twin cylinders
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0.6

Figure 22a : Sway-exciting forces on the submerged twin circular

cylinders
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180

0.8

0.6

0.4

0.2

Z

2S

r

d S T
^=1.14 ^ = 1.14 irl.64ODD

PqaD

Figure 22b
: Heave -exciting forces on the submerged twin circular
cylinders
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120

Figure 23a : The sway-exciting force on cylinders a,b and a+b
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Figure 23b : Heave -exciting forces on cylinders a,b and a+b
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's^^

20

40

60

80

100

O a ISOLATED

_ A a IN THE PRESENCE OF b

_ D 0+b

D

Figure 24a : Sway-exciting force on motora type twin floats
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O ISOLATED

A a IN THE PRESENCE OF b

D a + b

Figure 24b : Heave-exciting forces on motora type twin floats
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ISOLATED

T^,/T,--2— -Tb/T„=l5

r
L2J

^b FIXED:

0.10 0.20 0.30 0.40 0.50 0.60

Z/(Ba + Bb)/2

0.10 0.20

Z/Bb/2

0.30 0.40

0.0 5 0.10 0.15 0.20

Figure 25b : Swaying and heaving hydrodynamic forces on cylinder a
influenced by fixed cylinder b
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T a 1

005 0.10

Z/B„/2

0.15 0.20

Figure 25c : Heave -exciting forces on cylinders a and b
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DECK AND FLOAT
DECK s INTERFACE

FLOAT
(FILLED WITH
PRESSURIZED
AIR)

Figure 26 : Illustration of float configuration
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See Sketch of

Figure 27 for
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Geometry

IM|^

0.08

0.05

0.02

O.Ol

o
•f-1

u
C!

a
u

«*-!

CQ

C
a
u

>
a

a
o

P^ P^

0)

o

hi

o
CO

|i4

Frequency Parameter,

931



Kim and Merciev

N |x
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See Sketch of Figure 27

for Description of Geometry
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R
Figure 31 : The influence of-^— on heave spectral response
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1.0

0.8

0.5

0.2

0.1

Q.Qi

0.0'

See Sketch of

Figure 27 for

Description of

Geometry

f =0.3
C

m' =1 0.3m'

""oT
"l/3

0.2 0.3 0.5

Significant Wave Height
Draft

Figure 33 : The effect of sea state (significant wave height) on thrt

heave -related spectral responses
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See Sketch of

Figure 27 for
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Geometry
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Draft ~ T

Figure 34 : The influence of damping coefficient

spectral response
on heave
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h-6 DIA n
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WITH AND
WITHOUT
HINGE

117

h-6 DIA
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WITH AND
WITHOUT
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SEGMENTED MODEL

CENTRAL SPLINE

HAS EI=3.5LB-IN.^

SIMULATES FULL SCALE

EI = 2.2xlO®LB-IN^

TESTED WITH
AND WITHOUT"-
HINGE

(0)

RIGID CYLINDER

(b)
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Figure 36 : Models used in test program, scale ratio : 1/57.6
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Figure 38 : Wave -induced vertical force on a very full float

(references 63,64)
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Figure 47 : Heave motions due to waves on row 18 of model island
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n|v-J1

K^ v^'^^350

Figure 48 : Carpet plot of heave motion due to waves for articulated

model
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DISCUSSION

Michel K. Ochi
Naval Ship Research and Development Center

Bethesda^ Maryland^ U.S.A.

My discussion is directed toward the evaluation of under-
water float configuration which is one of the most difficult deci-

sions to make for the design of a float- supported ocean platform.

The authors have derived a significant conclusion that a

slender float with displacement relatively uniformly distributed

along its length appears to be superior in mild seas, while a float

with displacement concentrated near the bottom is preferable in

relatively severe seas. This writer concurs w^ith this conclusion. It

may be well, however, to call the authors' attention that this con-
clusion is true from the view point of platform motions, but the va-
lidity of the conclusion should also be confirmed from the view point

of wave -induced forces and moments of the platform.

To clarify the point of discussion, let us consider the follow-

ing example : suppose a platform of proper size is floating without

any restrictions, the minimumization of motions is of utmost im-
portance. Suppose the platform is moored, on the other hand, a float

configuration which yields the minimum wave-induced forces and
moments of platform is highly desirable. The same way be true for

a platform of relatively large size consisting of several element plat-

forms which halve been connected into a single unit. This is because
the minimumization of the hydrodynamic forces and moments is ne-
cessary for safe connection of each element platform.

Selection of the best float configuration from the view point of

motions may be rather difficult ; however, the best configuration

from the view point of wave -induced forces can be achieved by adjust-

ing the waterplane area of floats, since the wave-induced force on a

floating body can be reduced to almost zero at a certain frequency if

the underwater configuration is properly selected. This property
was discussed by Motora and Koyama at the 6th Symposium in 1966
and is also demonstrated in the authors 'study.
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In short, this writer would like to suggest that the evaluation

of float configuration should be made from two different view points
j

i.e. motions and wave-induced forces and moments of the platform.

REPLY TO DISCUSSION

John A. Mercier
Stevens Institute of Technology

Hoboken^ New Jersey ^ U.S.A.

Doctor Ochi is, of course, right. The proper design charac-

teristics must depend on the design problem and in the case of study-

ing structural characteristics and the behaviour of rigidly connected

floats one must be able to calculate the forces and minimize them,

rather than the motions responsible, which I studied at that time.

I found that our situation in regard to calculating the vertical

forces on such floats was pretty satisfactory so long as the interaction

effects could be safely ignored, that is, so long as the floats were
sufficiently spaced - and I hope to be able to say what I mean by
"sufficiently" at some time in the near future. I know that if they are

too closely spaced we cannot calculate them satisfactorily.

The horizontal force, on the other hand, is more complicated,

as Weigel has just reported, and we must await further results for

this case. In fact, the calculations may be influenced by the presence
of ambient currents and other complicating factors.
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SOME ASPECTS
OF VERY LARGE OFFSHORE STRUCTURES

G. van Oortmerssen
Netherlands Ship Model Basin

Wageningenj Netherlands

ABSTRACT

Due to the fast development of the offshore industry,

there is a rapidly increasing demand for very large

unconventional offshore structures, both floating and
fixed to the bottom, to be applied for storage and pro-

duction purposes. The general hydrodynamic aspects

of these big objects will be summarized in this paper.

In the case of floating structures, the drift force is

relatively important and consequently resonance phe-
nomena can occur in the anchor lines. Therefore, in

rather shallow water a structure fixed to the bottom
will be preferred in many cases.

From calculations and model experiments it appeared
that the wave loading on a large object and the wave
pattern around it can be calculated with great accura-
cy with a diffraction theory.

As an example a cylindrical storage tank - 96 m in

diameter, fixed to the bottom in 50 m deep water and
extending above the water surface - will be discussed.

This example is hardly hypothetical, since structures

with comparable dimensions are in the design stage

or under construction at present. The wave pressure
on the tank and the wave diffraction as calculated with

the potential theory are compared with measurements.
The agreement is very good.

From the wave pattern around the tank it was
found, that it can be advantageous to moor a tan-

,

ker immediately to the tank. Model tests were con-
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ducted with a tanker moored behind the tank in ir-

regular seas, while the tanker motions and the for-

ce in the bowhawser were measured.
The results of these tests will be compared with
the results of tests conducted with existing mooring
systems.

I. INTRODUCTION

The increasing importance of remote offshore oil fields has
created a need for very large unconventional structures for production
and storage of oil or liquid natural gas. Some very large structures

are now in use, as for instance the floating oil storage 'Pazargad' and
the submerged tank in Dubai, while others are under construction, as

for example the large concrete tank for the Ekofisk field in the North
Sea. Besides structures for exploitation and storage of minerals, the

use of very large offshore structures is considered for a variety of

future purposes. Plans exist to build polluting or dangerous plants on

artificial islands, far from the living areas, to prevent a deterioration

of the environmental conditions in densely populated industrial coun-

tries. Fear for calamities and a need of plenty of cooling water was
the reason to study the possibility to build offshore nuclear power
plants, and there is even talk of constructing a floating intercontinen-

tal airport.

With regard to the design and construction of a large uncon-
ventional offshore structure, a lot of problems arise. The structure

has to be strong enough to survive the severest weather conditions.

In the case of floating structures, it is a problem to design a proper
anchor system. When the structure is fixed, the entire construction

has to be stable. In most cases, such artificial islands require trans-

shipment of goods from ships to island or vice versa. Consequently,

attention has to be paid to the mooring of ships to the island. If a cons-

truction on the sea bottom is considered, its behaviour during immer-
sion has to be studied carefully.

In order to be able to cope with future developments, a re-

search program has been performed at the Nethei-lands Ship Model
Basin. A computer program has been developed for the calculation of

wave loads on objects of arbitrary shape, using a three-dimensional

source technique, while the effects of the free surface and of finite

water depth were taken into account. With this program it is also pos-

sible to calculate the wave pattern around the structure. Subsequently

model experiments were carried out to check the theoretical results.
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Also the mooring of a tanker to a large circular storage tank was in-

vestigated by means of model tests.

In this paper the following topics will be discussed successively :

- the calculation of wave loads and wave diffraction, with a compari-
son of theoretical and experimental results;

- anchoring of floating structures;
- mooring of a ship to an artificial island.

The object is not to give practical solutions, but to scan the

problems and possibilities which occur in the field of hydrodynamics.

II. WAVE -STRUCTURE INTERACTION

We shall consider the following aspects of the interaction bet-

ween waves and a structure :

- the pressure distribution on the surface of the body, which has to be

known for the structural design;
- the total w^ave excited forces and moments, w^hich are important
for the design of an anchor system in the case of a floating structure,

or, if the body is fixed, for the stability of the structure : the ampli-
tude of the vertical force, for instance, must be smaller than the ap-
parent weight of the structure in the case of a submerged structure

fixed to the bottom;
- the wave diffraction : if ships are to moor to the structure, it is

important to know in w^hich way the incident w^aves are deformed by the

presence of the structure.

The interaction betw^een w^aves and a structure is governed by
inertial, gravitational and viscous effects. The relative importance
of each of these effects depends on the ratios of the wave height and the

w^ave length to the body dimensions. In figure 1 the regions of influen-

ce of the different effects are indicated for the case of a vertical cir-

cular cylinder (See ref. [l]). From this figure it appears, that gravita-

tional effects must be taken into account if ka is larger than 0. 6, or in

general, if the wave length is smaller than approximately five times the

body dimensions. This means that, for the structures with which we
are dealing here, both the inertial and gravitational effects must be

considered. These phenomena can be described adequately by means
of the potential theory; this theory, however, presupposes an inviscid
fluid. Fortunately, it can be stated that for large structures the poten-
tial forces are predominant to such a degree, that the viscous effects

can be neglected.
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II. 1 Potential theory approach

Consider a fluid, bounded by a partially or totally submerged
rigid body, a fixed bottom and a free surface. The undisturbed free

surface will be taken as XOY-plane of the co-ordinate system, with

the z-axis pointing vertically upwards. The fluid is assumed to be

inviscid, incompressible and irrotational. All motions will be infinitely

small. At infinity the fluid motion behaves as a single harmonic wave,
travelling in the positive direction of the x-axis. If the undisturbed wa-
ve has a frequency U, the velocity potential may be written as

(t) = Re

The function (p has to satisfy the Laplace equation :

-iCOt
(pe (1)

V^Cp=o (2)

and the boundary conditions :

- at the bottom .Ax.- q for z = -d (3)
Oz

- in the free surface ^-— = ^ r for z = (4)
Oz

- at the body contour . - for x = s (5)on — -

in which
d = water depth

g = the acceleration of gravity

s_ = vector which describes the body contour

n = vector normal to the contour

The function ^ can be split into two components :

p = ^. + ^^ ('6)

in which

^i
= the wave function of the undisturbed incident waves
= the wave function of the scattering waves

Both components have to satisfy the Laplace equation. The
function for the incident wave, including the boundary conditions in the

free surface and at the bottom, is given by

^ g coshk (d + z)

^- =^ ^nr^— ^ ("7)

1 (jO cosh kd
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in which :

o = incident wave amplitude
a ^

,

k = w^ave number = 2 11 /tj

J\ - wave length

The relation between wave frequency and wave length is given by the

dispersion equation :

2
C^J = kg tanh kd (8)

The wave function Cp^^
, corresponding to the motion of the scattered

waves must, besides the boundary condition in the free surface and
at the bottom, also satisfy the radiation condition. This condition

requires that, at infinity, Cp^ behaves as a radially outgoing pro-

gressive wave and imposes a uniqueness which would otherw^ise not

be present.

In a system of local axes with cylindrical co-ordinates r, 9

and z, the radiation condition can be formulated as :

il) <4> ) = (9)
s



in which :

C
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J (kr) Y (ka) - J (ka) Y (kr)
n n, r n, r n

J (ka) + i Y (ka)
n, r n, r

G = 1 for n =
n

c = 2 for n /
^n

For the case that the cylinder does not extend to the bottom,

Garret f 5 1 has derived an analytical solution, using variational

principles.

II. 3 Numerical solutions

For the body of arbitrary shape, the velocity potential can be

found from numerical methods. At the Netherlands Ship Model Basin

a computer program has been developed for the numerical calculation

of the velocity potential, using a source distribution over a surface

inside the body. According to Lamb £6 J the potential function can

be found from :

^s ^""^ ^ff "^ ^-^ ^ ^-'-^ ^^ (11)

in which :

y (x, a) = the Green's function for a source, singular in a^

a^ = vector which describes the surface A, on which the

sources are located,

q (a) = the unknown source strength.

The Green's function represents the contribution to the velo-

city potential in ?£ due to a unit wave source located in a. A Green's

function which satisfies the boundary conditions in the free surface,

at the bottom and the radiation condition, has been given by John [ 7]

k"d -^)^d +V

^(x,a) = 21\ ^ ~

^
coshk (c+d) coshli(z+d)[Y^ (kr.) - iJ^ (kr.)J

(12)

...-E

in which :

- 4 (k/ + ^.^)

r . COS k (z+d) COS k^ (c+d) K^(k^r )

11=1 dk + d\) -\)
n
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:. = ^(x-a)^ + (y-b)^

k tan (k . d) + \i =0
n n

The source strength q(a) can be obtained after substitution of (11) in

the boundary condition at the body surface :

T— = -3— + -T— = for X = s (13)
on On On — — ^ '

or :

7 (x,a) dA
[

= -^ for x = s (14)

For a restricted number of discrete sources, this integral

equation changes into a set of linear equations in the unknown source

strengths. For an infinitely great number of sources, the numerical
solution approaches the exact solution. It will be clear that the accu-
racy obtained in the calculations depends on the number of sources
applied and on the location of the sources.

II. 4 Pressure, forces and wave diffraction

Once the velocity potential is known, the different aspects of

the interaction between structure and waves can be calculated without

much difficulty. According to Bernoulli's theorem, the pressure is

given by :

p.F(.)-p...p|f4p{(M,^MA|)^(f:)^} (IS)

The dynamic wave load on the structure is given by the linea-

rized pressure :

P = p|f (16)

The total wave excited forces (and moments) can be found by
integration of the pressure over the surface of the body. The total

force is composed of a periodic and a constant part. The oscillating

part of the wave force is found from the linearized pressure :

F = // p (x) . n . dA (17)

A
Similarly we find for the moment :
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M-^ff P (x) . / X X nl dA (18)

The constant part of the wave force or drift force can be found from :

A
Evaluation of this integral results in a constant term plus higher har-
monic components, which can be neglected. Although the constant for-

ce is a second order effect, Havelock [z] has shown that this force

may be determined, using a first order approximation for the veloci-

ty potential. In general, the constant force is small in comparison
with the oscillating wave force; for large structures, however, it may
become of interest.

The wave pattern due to the diffraction of waves by the object

can also be found from Bernoulli's theorem. In the free surface, the

linearized pressure has to be zero, hence :

P= -P gz+P^ =0 (20)

Consequently we find for the surface elevation :

y=_J_/^^l (21)
g I 5t / z =

II, 5 Comparison of theoretical and experimental results.

Model tests were performed at the Netherlands Ship Model
Basin in order to check the theoretical calculation of wave forces,

pressure and wave diffraction.

In figures 2 and 3 the oscillating horizontal and vertical wave
forces on a circular cylinder, as calculated with the computer program
of the Netherlands Ship Model Basin, using the three-dimensional

source technique, are compared with experimental results. The ex-

perimental values, which are given in these figures, were obtained

frona cross-fairing of the results of a great number of measurements,
which were performed with systematically varied cylinders. Also

given in these figures are the values according to the analytical solu-

tion of Garret. The results of the numerical calculations, which were
obtained using only 42 sources to represent the cylinder, closely ap-

proximate the analytical results of Garret, while there is also a good

agreement between the theoretical and experimental results.
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From the measurements of the total horizontal wave force

on the cylinders, the mean value which represents the constant resis-

tance or drift force, was also determined. In figure 4 the results are
given for a particular case, together with the calculated values.

In order to check a more extreme case, calculations and

measurements were performed for a pyramid-like structure, of

which the shape is given in figure 5. Due to the sharp edges, it is

difficult to represent this object by means of a source distribution.

The number of sources, applied in the computer calculations, amounts
to 92.

The results of the calculations and the measurements of the

horizontal wave force on the structure are given in figure 6. Even in

this case the agreement is reasonable.

Some aspects of the interaction between structure and waves
were studied in greater detail for a circular model, which - at a sca-

le ratio of 1 : 100 - can be regarded as the representation of a cylin-

drical island, for instance a storage tank, 96 m in diameter, fixed

to the bottom in 50 m deep water and extending to above the water

surface. The pressure distribution on this model was determined in

regular waves with varying periods. To this end the model was pro-

vided with four very sensitive pressure gauges. These gauges were
placed on a vertical line at regular distances, to obtain the distribu-

tion of the pressure over the water depth. The measurement of the

variation of the pressure along the circumference of the cylinder was
established by rotating the model. In figures 7 and 8 the results are

given for ka = 2 and ka = 3, which for a scale ratio of 1 : 100, corres-

pond to wave periods of 8 and 10 seconds. In general, the measured
pressures closely approximate the calculated values. The diffraction

of the waves by the cylinder was calculated with the potential theory

and also measured in the basin in a large number of points around

the model. Figure 9 shows the calculated wave pattern for ka = 1. 4.

The lines in this figure connect the points with equal values of the ra-

tio of resulting wave height to incident wave height. In figures 10 and
11 the results are given of the calculated and measured wave height

behind and in front of the cylinder for ka = 4. Again, the experiments
confirm the theoretical calculations.

II. 6 Wave loads in high, irregular and breaking waves.

Up till now only sinusoidal waves of low amplitude were
taken into consideration. However, for the design of offshore struc-
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tures, the maximum wave condition is important; such a condition

usually is an irregular sea-state, consisting of high waves, among
w^hich sometimes even breaking waves w^ill occur.

High regular waves are not sinusoidal any longer, the distance
of the crest to the still water level becomes greater than the distance of

the trough to the still water level. However, a steep regular wave can
always be split up into a number of harmonic components. From various
experiments the experience was gained, that the forces and pressures in

high waves can be found by summation of the forces and pressures, as cal-

culated for the different components according to the potential theory for

sinusoidal wave s of low amplitude.

In non-periodic waves, as far as the linear phenomena are
concerned, force and pressure spectra can be calculated, departing
from the wave energy spectrum and the force and pressure response
functions. In such a statistic approach, no data can be obtained with
regard to drift forces. Since the magnitude of the drift force is pro-
portional to the square of the wave height and also dependent on the

wave frequency, this force is no longer constant in irregular seas
and is thus known as the slowly oscillating drift force which has a pe-
riod of oscillation in the order of magnitude of ten times the mean
wave period. For an estimation of the drift force a deterministic ap-
proach can be applied (see Hsu and Blenkarn |_8j and also Remery
and Hermans 9 J ). In this approach the point of departure is not

the energy spectrum of the waves, but a record of the wave height

to a base of time, which can be obtained either by field measurements,
or by calculations, in which case one of the possible realizations of

a spectrum is generated by a computer.

The wave record can be regarded as a sequence of separate

wave crests and troughs, each with its own period and amplitude. For
every part of the wave record the drift force can be calculated, re-

sulting in a record of the drift force to a base of time. The drawback
of this method is, that no indication is obtained about the chance of

exceeding a certain force. The maximum force, encountered in a

certain wave train, will differ from the maximum force in an other

wave train with the same energy distribution.

No theoretical approach is available for the determination
of peak loads, which can occur in breaking waves. In [^O] Wiegel
gives a review of experimental work performed on this topic. Most
of the investigations were related to the phenomena which occur when
a wave breaks against a vertical barrier; a smaller part was concer-
ned with cylinders in breaking waves. From the laboratory tests with

vertical barriers it appeared, that when a breaking wave hits the
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wall, the chance that a peak load occurs is about two per cent. Wave
induced impact forces only occur, when the wave breaks just at the

wall, while trapping a thin lense of air. Apparently, the energy of the

impact is stored in the compression of the air cushion. Therefore, it

is very unlikely that peak forces will occur if the surface of the object
is curved. In the case of large structures with flat or practically flat

walls, the possibility that peak loads occur due to breaking waves,
must be taken into account. The magnitude of the peak loads can only
be found by means of experiments.

III. THE ANCHORING OF FLOATING STRUCTURES

The anchoring of very large floating structures involves tre-
mendous problems, since the anchor system must be able to survive
the severest weather conditions. In high waves the drift force becomes
very important and causes a high mean load in the anchor lines. Due
to the non-linear characteristic of the anchor system - which is sche-
matically shown in figure 12 - the spring constant increases conside-
rably by this mean load and consequently the oscillating motion of the

structure induces high oscillating forces in the anchor lines.

Let us consider, as an example, a circular storage tank -

120 m in diameter, with a draft of 25 m and a displacement v/eight of

approximately 2 9^, 000 ton - which is anchored in a water depth of

40 m. It was calculated that, in a design wave with a height of 20 m
and a period of 1 9 seconds, this structure is subjected to a drift force
of 4, 73 ton and an oscillating force with an amplitude of 58, 900 ton.

If it is assumed that the motion of the structure is a pure surge mo-
tion and that the danaping can be neglected, the motion can be descri-
bed by :

m X + ex = F . e"^"^ (22)
V xa ^ '

in which :

m = the virtual mass
V

c = the spring constant in x-direction of the anchor
system

F = the amplitude of the oscillating wave excited force
m x-direction

Since the relation between the force and excursion of the

anchor system is non-linear, this equation has no simple analytical

solution.

Due to the drift force, the motion of the structure will be
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an oscillating motion around a point which is situated in the steep part
of the load-excursion curve, as indicated in figure 12, The relevant
part of the curve may be regarded as linear with an inclination c.

Consequently, the resulting surge motion is given by the linear appro-
ximation of equation (22) :

-I cot
, ,X = X . e (23)a ^ '

in which
X = the amplitude of the motion

2i

After substitution of (23) in (22), we find that the amplitude
of the surge motion w^ill be :

F
xa , .

"a =
I

ZT (24)

c - m CJ
1 V '

The resulting maximum reaction force in the anchor system
becomes :

F„ = 4, 730 + X . c (25)Rx max. a

In figure 13 the maximum reaction force in x-direction is

given to a base of the spring constant. From this figure it becomes
obvious that it will be very hard in this case to design a proper an-
chor system. Resonance will occur if :

c = m CJ (26)V

and, since most of the wave energy is related to wave frequencies
between CO = 0. 2 and CO = 1, 0, values of c between 2, 400 and 60, 000
ton/m should be avoided.

A value of c higher than 60, 000 ton/m means an almost ri-

gid connection to the sea bottom, which must be able to absorb a ho-
rizontal force of over 60, 000 ton; this does not seem to be a practi-

cal solution. On the other hand, if c is chosen to amount to less than

2, 400 ton/m, the risk exists that in irregular seas the slowly varying
drift force induces resonance phenomena.

In reality the problem is much more complicated than was
assumed in this simple calculation : besides the surge motion, also

heave and pitch may be of importance, and due to the high waves, the
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drift force and the characteristics of the anchor system, the motions
will be non-linear. Therefore, model tests are indispensible to in-

vestigate the anchoring of large structures.

The above example has shown, however, that enormous pro-
blems are involved with the anchoring of very large structures with
a small length to breadth ratio. Therefore, in rather shallow water,
a structure fixed to the bottom, will be preferred in many cases. If

a floating structure is required - for instance because there exists
a risk of earthquakes - or if the structure has to be more or less

mobile, it is desirable to choose a shape with a minimum drift force,

as for example a ship- shaped structure moored to a single point moo-
ring system or a semi- submersible structure.

IV. MOORING OF A SHIP TO A LARGE STRUCTURE

For the oil storage tanks which are now in use or under con-
struction, a concept was selected by which the loading tanker is not

moored immediately to the storage tank, but to a separate single

buoy mooring system.

If we consider the wave pattern around the circular tank, as
given in figure 9j regions where the waves are higher, as well as
regions where the waves are lower than the incident waves, can be
observed. For other wave lengths, the wave pattern changes, but the-

re is always an area behind the structure where the w^aves are lower
than the incident waves. It can therefore be expected, that the diffrac-

tion of waves by a large fixed structure w^ill be advantageous when a

ship is moored immediately behind it.

In order to inv-estigate the behaviour of a ta3iker, moored to

a storage tank by means of a bowhawser, a model test program was
performed at the Netherlands Ship Model Basin with the cylindrical

model - discussed already in a previous section - and a model of a

tanker with a displacement of approximately 100, 000 ton. The main
particulars of the tanker are given in Table I, while figure 14 shows
a small scale body plan. The w^eight distribution and stability charac-
teristics of the tanker were reproduced to scale. The tanker was moo-
red to the storage tank by means of a single bow^hawser, represen-
ting a nylon mooring line with a breaking strength of 150 ton and a

length of 50 m. The load-elongation characteristic of this bowhawser
is given in figure 15.

The following tests were preformed :

a- Measurement of the wave height in regular and irregular seas
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behind the structure, at the position of the midship section of the

tanker;

b- Measurement of the mooring line force and of the surge and heave
motions of the bow of the tanker with the tanker moored to the cylin-
drical tank in irregular seas;

c- Measurement of the mooring line force and of the motions of the

bow of the tanker with the tanker moored to a fixed pile of smiall dia-
meter, in the same sea-states as tests b. These tests were perfor-
med in order to determine the influence of the wave diffraction on the
behaviour of the moored ship.

The different test arrangements are shown in figure 16.

For the measurement of the wave height a wave transducer
of the resistance type was used. The force in the bowhawser was
measured by means of a strain gauge transducer and the surge and
heave motions of the tanker by means of a pantograph.

The measurements in irregular seas lasted 210 seconds or
35 minutes for the full scale, which is regarded to be long enough to

obtain reliable statistic data.

Besides the measurements, the wave diffraction at the posi-
tion of the midship section of the tanker was also calculated with the

potential theory. In figure 17 the calculated ratio of wave amplitude
behind the cylinder to incident wave amplitude f g^/ f ^ is given to a

base of the wave frequency 6J , together with some experimental va-
lues. With the aid of this curve of ^ ^/ ^ ^, the energy spectrum
behind the cylinder can be calculated for any incident wave spectrum.

The spectral density S ^' of the incident waves is defined by :

S^ (COJ dcO 4 S J (27)

in which :

^ = the amplitude of the n th component of T (t) with cir-

cular frequency cJ •

Consequently, the spectral density of the waves at the posi-

tion of the midship section of the tanker can be found from :

S' ((J )du; = i-:f 2 r^
^ n 2 an j^

*
an

"1 2

an
(CJ )n (28)
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'r (^J = S^ ((Jj
Jf an

r;

CJ (2 9)

In figures 18, 19 and 20 the spectral densities of the sea-states applied

during the tests, are given together with the predicted and measured
spectral densities behind the cylinder. There is a good agreement.

The tests with the moored tanker were performed in the spec-

tra 2 and 3, with significant wave heights of 3.3 6 m and 5. 05 m. The
most important test results are stated in Table II.

The most remarkable outcome of the experiments is the

considerable reduction in the raooring line force, due to the presence
of the cylindrical structure. The reduction in the force is relatively

much higher than the reduction in the wave height. This can possibly

be explained by the fact, that the drift force plays an important role

in the behaviour of a moored ship, this drift force being proportional

to the square of the wave height.

If, for instance, we have a wave w^ith frequency^ = 0. 8, it

follows from figure 17, that the wave height is decreased by 20 per

cent, at the position of the moored tanker, and consequently the drift

force is decreased by 36 per cent, compared with the drift force in

the undisturbed waves.

In figure 21 the results of the present tests are compared
with results obtained from the statistics of tests performed at the

Netherlands Ship Model Basin with different single point mooring
systems. For this comparison the following dimensionless coefficients

were applied :

' -^ CO

- for the mooring line force —
2/3 c-

pgv I 1/3
and

for the wave frequency 60 I 'pp/^

in which :

^ - the displacement volume
L = the length between perpendiculars,
PP
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Due to the non-linear characteristic of the bowhawser, the significant

force is not proportional to V 2/3 and f-w 73 > ^-^d. therefore only results

of tests with tankers of comparable size in comparable sea- states

were selected.

From Figure 2 1 it appears, that the results obtained with the

tanker moored to a fixed point represent approximately the low^er

limit of the results of conventional single point mooring systems.
The forces occurring in the mooring line when the tanker is moored
behind the cylindrical storage tank, are much lower than those for

all other considered systems.

These model tests have shown that it is advantageous to moor
a ship immediately behind a large fixed structure, though it should

be admitted that a rather simple case was considered, since the

additional effect of current or wind from a direction different from
the wave direction was not investigated.

V. CONCLUSIONS

1 - The wave loads on large structures due to non-breaking
waves can be predicted fairly accurately by means of a three-dimen-
sional source theory.

2 - For the study of the anchoring of large structures or the

mooring of ships to large structures, an entirely theoretical approach
is not feasible and consequently model experiments are required.

3 - Very large floating structures anchored in exposed areas
should preferably be either slender or semi- submersible; large

structures with a small length to breadth ratio will require extreme-
ly heavy anchoring equipment.

4 - Mooring a ship on the lee -side of a fixed structure can be

of advantage. If the ship is moored to the structure by a single bow-
hawser, the force in the latter will be smaller than the force which
would occur in a conventional single point mooring system.
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NOMENCLATURE :

a = cylinder radius

c = spring constant of the anchor system

d = water depth

F = oscillating wave excited force

F = drift force
ex

F = reaction force of the anchor system

F = amplitude of the horizontal wave excited force
xa

F = amplitude of the vertical wave excited force
ZSi

g = acceleration due to gravity

h = draught

J = Bessel function of the first kind of order n
n

J = derivative of J with respect to r
n, r n

k = wave number

K = modified Bessel function of the second kind of order n
n
L = lenght between perpendiculars
PP
M = oscillating wave excited moment

p = pressure

q = source strength

Sp = spectral density of the waves

Y = Weber's Bessel function of the second kind of order n
n

Y = derivative of Y with respect to r
n, r n

A = wave length

to = circular frequency

(^ = mean circular frequency in irregular waves

p = fluid dens ty

^ = Green's function

= velocity potential

' = wave function
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^ = wave function of the incident waves
i

Ip = wave function of the scattering waves

>) =cx)2 /g

jr = wave elevation

^ = incident wave amplitude

V7 ^^
= local w^ave amplitude

f = wave height (crest to trough)
w

Ssj = volume of displacement
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Main particulars of the tanker

Designation
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GRAVITATIONAL

EFFECTS BECOME

IMPORTANT

Figure 1 Regions of influence of inertia, gravity and viscosi-

ty for a vertical circular cylinder with radius a.
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= 0.67 EXPERIMENTAL

• N.S.M.B. COMPUTER PROGRAM

GARRET

Ka

Figure 3 Oscillating vertical wave force on a circular cylinder
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DIMENSIONS in millimetres

D 900

°300

'y //////'////// }y // // ?///////

Figure 5 Outline of the pyramid -shaped model
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Figure 6 The oscillating horizontal wave force on a pyramid.
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DIRECTION OF WAVE
PROPAGATION

Figure 9 Wave pattern around a circular cylinder, ka = 1.4
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SPRING CONSTANT FOR OSCILLATION

AROUND MEAN VALUE X :

EXCURSION X

Figure 12 Load -excursion characteristic of the anchor system
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C in ton/n

Figure 13. Maximum horizontal reaction of the anchor
sy stern on a base of the spring constant for
a design wave with wave height 20 meters,
period 19 seconds.
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LENGTH BETWEEN PERPENDICULARS 249.38 m.

BREADTH 37.41 m.

DRAUGHT 13.85 m.

DISPLACEMENT 106.792m.^

A.R F.P.

^. J

Figure 14 Body plan of the tanker

990



Some Aspects of Very Large Offshore Structures

BREAKING STRENGTH 150 tons

150 -

100 -

10 20
ELONGATION in nnetres

30

Figure 15 The load -elongation characteristic of the bowhawser.
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WAVE PROBE^

223 m
96t

CYLINDER- WAVE

d =50m

^

TEST ARRANGEMENT A

PANTOGRAPH-
98 m

K
j^

096

BOWHAWSER

d = 50 m

TEST ARRANGEMENT B

^

PANTOGRAPH-

50m

K
^

BOWHAWSER

d = 50m

TEST ARRANGEMENT C

Figure 16 The experimental set-up.
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1.5

1.0

0.5 -

THEORETICAL LINE

MEASURED IN REGULAR WAVES

0.5

0) in rad. sec
-1

1.0 1.5

Figure 17 Wave diffraction at the position of the tanker
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3.0

UNDISTURBED WAVE SPECTRUM CwV'3= 2 31 m. T =7.24 sec.

PREDICTED SPECTRUM AT THE POSITION OF THE TANKER

MEASURED SPECTRUM AT THE POSITION OF THE TANKER

^wV3= 170 m. T = 7.55 sec'.

20

1.0

U) in rad sec'

Figure 18 Wave spectrum 1
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7.5

UNDISTURBED WAVE SPECTRUM ^wV3= 3 36 m. ;T = 7.96 sec.

PREDICTED SPECTRUM AT THE POSITION OF THE TANKER

MEASURED SPECTRUM AT THE POSITION OF THE TANKER

^vvi/3= 2 64m. ;T =8.27 sec.

5.0

2.5

Figure 19 Wave spectrum 2
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7.5 -

UNDISTURBED WAVE SPECTRUM (^^ y^^ 5.05rr\. T =9.98sec.

PREDICTED SPECTRUM AT THE POSITION OF THE TANKER

MEASURED SPECTRUM AT THE POSITION OF THE TANKER

^y^,y3= 4.75nn. T = 9.99 sec.

5.0 -

I/)

2.5 -

Figure 20 Wave spectrum 3
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10

>
O)

Q.

5.10

\-

• CONVENTIONAL S.P.M. SYSTEMS

A TANKER MOORED TO A FIXED POINT

k TANKER MOORED TO CYLINDRICAL ISLAND

A^.

^^ •^.X
^v

^i

3.0 3.5 _
,

4.0 4.5

Figure 21 The significant mooring line force for different

S. P. M. systems.
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DISCUSSION

C. M. Lee
I^avdl Ship Research and Development Center

Bethesda^ Maryland^ U.S.A.

I would like to refer to the results given in Figures 2 and 4.

Figure 2 presents the amplitude of the oscillatory force in the hori-

zontal direction for the circular cylinder and Figure 4 presents the

drift force in the horizontal direction. At Ka equals. 6, which cor-

responds to the wavelength being approximately 10 times greater than

the radius of the circular cylinder, the ratio of the drift force to the

oscillatory force is about. 3, if we assume that the wave amplitude is

of equal magnitude to the cylinder radius. That means that drift force

would comprise about 30 per cent of the oscillatory force. Thus, as

the author has already indicated, the drift force cannot be ignored in

the calculation of wave forces on a vertical circular cylinder. I would
like to point out that when there are multiple wave frequencies as in

the case of irregular seas there could exist very slowly -varying for

ces which in practical cases could be regarded almost like a steady

force. The existence of such a force can easily be recognized if we
assume two regular waves of slightly different frequencies pinging

upon the body. The hydrodynamic pressure on the body contributed by
the velocity-square term in the Bernoulli equation would contain a

term associated with the difference -frequency of the two frequencies.

REPLY TO DISCUSSION

G. van Oortmerssen
Netherlands Ship Model Basin

V/ageningen^ Netherlands

I agree with Mr. Lee that the drift force is very important,
and especially for moored objects, in irregular seas. The drift has
an important influence on the resulting behaviour of the structure. The
results presented in this paper dealt only with the drift force in regul-
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ar seas and we did not consider the drift force in irregulars seas,

which is much more difficult, as you know. There are some methods,

approximative methods, to calculate the drift force in irregular seas,

but I think there is still a lot of work to be done on this subject.

DISCUSSION

E.J. Plate
University of Karlsruhe

Karlsruhe, Germany

I should like to congratulate the author on an excellent paper.

May I ask the author to tell us what computer was used for the work,

and how much time it takes to get one of these calculations perform-

ed ?

REPLY TO DISCUSSION

G. van Oortmerssen
Netherlands Ship Model Basin

Wageningen, Netherlands

I should like to thank you. Professor Plate, for your kind

words. Our calculations were performed on a CDC computer of the

3, 000 series, and that is a medium sized computer. For the calcu-

lation of the square structure of which I showed some results we used
about 100 sources, which is quite a lot, and the computations requir-

ed about 45 minutes per wave condition for that structure.
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DISCUSSION

J. p. Breslin
Stevens Institute of Technology

Hobokenj New Jersey, U.S.A.

It is very comforting to find that measurements and calcula-

tions for the forces and pressure distribution on the cylinder having

a diameter equal to the wavelength are so well correlated, but I sup-

pose this is not surprising for short waves. I wonder if the author

would comment on the comparison of the measurements and calcula-

tions for longer wave lengths where viscous effects may be expected

to be important.

A second question : there was some information provided on

the interference between two cylinders. Would the author let us know
how this could be compared with theory as the cylinder spacing is in-

creased ?

REPLY TO DISCUSSION

G. van Oortmerssen
Netherlands Ship Model Basin

l^ageningen, Netherlands

On the first question, we have indeed results for longer waves
and in that case the agreement is even better, but for the longer waves
especially when the wavelength is longer than about five times the body
dimensions, we can use approximative methods which give the same
results and are much simpler to handle. So I think our computer pro-
gramme is only of interest for the relatively shorter waves.

On the second question, about the interference of two cylin-

ders, we have indeed performed measurements. We measured the

wave force on cylinders for different spacing s of the neighbour cylin-

ders, for different wavelengths and for different wave directions, and
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we compared those experiments with results obtained with the compu-
ter programme. We plan to present those results and the comparison
between theoretical and experimental results in the near future, but

in that case also the agreement is good.
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UNSTABLE MOTION OF FREE SPAR BUOYS IN WAVES

J-C. Dern
Bassin d'Essais d&s Carenes

PariSa France

ABSTRACT

The stability of the motions in waves of a particular

type of free spar buoys is studied both theoretically

and experimentally. In a first step the motions are
determined from linearized equations. The coeffi-

cients appearing in these equations are obtained from
model tests. The obtained results are compared with

J.N.Newman's theory.

(i) Tests show that the buoy may perform different

stable motions depending on its mass, the positioned

its center of gravity and its inertia.

In particular, when the buoy has a large static stabi-

lity in pitching, these motions consist of heaving and

pitching, their combination being stable and unique-

ly determined.

On the contrary for low value of the static stability

in pitching, there exist two stable combinations of

heaving and pitching motions, they differ from each
other by the amplitude of the heave/wave ratio which
is moderate in the case of one combination and much
higher in the case of the second one.

All the above motions are periodic and their period
is that of the waves. The existence of two stable com-
binations indicates that there also exists a third but
unstable combination.

1003



Bern

(ii) Furthermore, if the period of the wave is in the

range between the period of the natural rolling motion
and half that of the natural pitching motion and if the

static stability in pitching is small, then the motion
of the buoy consists of three parts : heaving, rolling

and pitching ; two combinations exist, one with a mo-
derate heave value, the other with a larger heave va-

lue ; in each case the amplitude of the pitching mo-
tion varies irregularly from one oscillation to the

next one and gives the impression of being a random
function of time.

The above phenomena cannot be predicted from a li-

nearized theory. The phenomenon described in (i)

can be explained by the non linearity of the restoring
force in pure heave motion ; that described in (ii) by
the existence of a term in 9 Z (9 = pitch angle, Z
= heave) in the equations of rolling and pitching.

In the case of irregular waves it is proposed for the

rolling and pitching motions a stability criterion simi-

lar to that of J. B.Keller and G.F. Carrier for tsuna-
mis.

INTRODUCTION s

For some years now, theoretical studies have been devoted
to the motion of spar buoys in regular waves. In these works the

equations of the heaving nnotion Z , surging motion X and pitching

motion 9 are generally linear
(

[ij
, [^J , [3] ). In reference [4]

experiments performed on circular cylindrical buoys, of slenderness
(draft / radius) larger than 5, in regular and irregular waves are
reported. It appears from the results presented in [4j that

J. N. Newman's theory is well verified under the condition that an expe-
rimentally determined added mass be included in the heaving equation.

In the present paper we present the results of experiments on
spar buoy models in regular and irregular waves. In contradiction

with reference [4j , motions not predicted by Newman's theory were
observed. These particular motions cannot be explained but by the pre-

sence of non linear terms in the equations, which come from the fact

that in the vicinity of its natural heaving frequency a spar buoy is sub-
mitted to vertical oscillations of large amplitude, the damping force
being very weak. It is not possible, then, to neglect, even as a

first approximation, the variation of the instantaneous waterline area
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due to the vertical motion of the buoy. Furthermore the large ampli-
tude of the vertical motion explains why the wave height chosen in our
experiments is small ( f ^0. 50 m. in real scale). For larger wave
height, the waves would sometimes overrun the buoy models, the mo-
tions would then become quite irregular and would not be amenable by
a simple theoretical approach.

The present study was divided as follows :

In Section I, we present results of experiments on regular
waves of various models. These experiments show the presence of

these phenoraena of non linear origin : a double regime for the ver-
tical motions, a rolling motion and an unstable pitching motion.

In section II we propose a theory to explain these pheno-
mena. This theory consists essentially in introducing non linear rest-

oring terms in the equations of motion.

Section III deals with the behaviour of the buoy in irregular
waves. The unstable rolling raotion is studied experimentally and
theoretically by using a stability criteria similar to that of J. B. Keller
andG.F. Carrier.

TYPE OF BUOYS STUDIED

The buoys studied here are made of a circular cylindrical

central part, while the upper and lower parts, though alw^ays axisym-
metric, may have, in some cases, rather complicated shapes which
can sensibly differ from a circular cylinder. The upper part which is

out of water is usually of small height. Sketches of the various types
of the buoys studied in this paper are given in Figure 1, Their charac-
teristics are given in Table 1 .
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TYPE N°l and 15

Dern

/\

TYPE N°12 TYPE N°n and 14

.FIGURE 1.

GENERAL SHAPES OF THE BUOYS
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SECTION I

RESULTS OF EXPERIMENTS IN REGULAR WAVES

I - NOMENCLATURE -

1,1- Characteristics of buoys -

The notations concerning the buoys characteristics are

given in Figures 2 and 3 . Furthermore we have :

m Mass of buoy

lyy Moment of inertia around a transversal axis passing
through the center of gravity G of the buoy

I lyy
Kyy =1 Jj Transversal radius of inertia

The moment of inertia is preferably defined as the non
dimensional ratio

Kyy

'^HT

^

1,2 - Regular waves (Figure 4) -

The waves are supposed to be regular and with one only

direction of propagation

O X y z Fixed systems of axis
o o o o

O X y Free surface at rest
o o o

O X Axis in the direction of propagation of the waves
o o

O z Vertical downward axis .

o o

The wave elevation at point O is then defined by :

r (t) = f cos 2 7r ft = P cos <j t

A A
f Wave frequency in Hz

f Half wave amplitude
A

f Wave height

(T Circular frequency
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A
Waterline in calm water

i i i

C: CENTER OF BUOYANCY

G: CENTER OF GRAVITY

_ FIGURE 2 _

NOMENCLATURE

[TYPE N 1 and 15

!
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Direction of propagation

of the waves

X : SURGE

Z : HEAVE

9 : PITCH

-FIGURE 4-

NOMENCLATURE
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1,3- Buoy motion on waves -

For waves defined as above (1,2), let us put :

V (t) Roll angle

B (t) Pitch angle

4^ (t) Yaw angle

The pitching motion (respectively rolling motion) is

defined as the motion about an axis parallel to O y^ o o

(resp. Ox). Thus pitching occurs in a vertical plane

parallel to the direction of wave propagation , rolling

occurs in a vertical plane parallel to the wave - crest

lines .

X (t) Surge of buoy . The surge is a motion parallel to O x ,

direction of wave propagation

Y (t) Sway of buoy

Z (t) Heave of buoy

s (t) Vertical distance between point O (i. e . the point being

in O in calm water) and the instantaneous water surface,

s (t) defines the relative motion of the buoy with respect

to the water .

The index A represents the half - amplitude : e. g. Z is

the half -amplitude of heaving (Z (t) = Z cos «r t) .

II - PRINCIPLE OF THE EXPERIMENTAL METHOD -

2.1- Models -

Scale : 1 / 4. 2672

The models were adjusted in weight , position of center

of gravity and in transversal moment of inertia . In order to adjust

the values of these 3 parameters , three weights could be moved
along a threaded rod inside the models .

2.2- Measurements performed -

In general four quantities were measured . However in

some experiments only two or three of these quantities were actually

measured .

2, 21 - The wave height f (t) was measured with a capa -

citance probe , made of a coated wire , and the capacitance between

the water and the wire , proportional to the length of wetted wire ,
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was measured .

2, 22 - The heave Z (t) of the buoy was determined by-

measuring with an accelerometer set within the model the accelera-
tion - parallel to the axis of revolution of the buoy . Rather than to

integrate twice the acceleration a (t) it w^as assumed that the motion
was sinusoidal . The heave is then related to the acceleration by the

relationship :

a(t)
Z (t) =

0- 2

This relationship is valid only if a (t) is sinusoidal and
if pitching has a small influence on the acceleration . In order to

satisfy as well as possible these two conditions , it was decided to

simulate only waves with wavelength not too large as compared to

tank depth (see shallow water waves theory) and with small steep

ness ( 7 = fw/ X ^ 2 / 100) . The two purposes of this latter con-

dition are first to reduce the number of harmonics present in the

waves , second and more important to avoid large motions bf the

buoy in pitching (influence on the acceleration a (t) as well as in hea-

ving : experience shows that when the wave steepness is large the

buoy performs very irregular vertical motions , which are difficult

to interpret (see figure 5) .

^ it)

Figure 5
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In spite of the care taken , it happens that , under cer -

tain conditions one observes vertical motions which differ much
from sinusoidal nnotions . It is then necessary in order to study the-

se vertical motions to use the method described in the following

paragraph .

2, Z3 - The quantity s (t) is measured by means of three

capacitance probes similar to that used to measure the wave height .

Figure 6 presents a sketch of the corresponding set-up . Each probe

gives a signal proportional to the submerged length of wire , thus

the sum of the three signals gives a value proportional to s (t) provi-

ded that the pitch angle be small , which was the case in the experi -

ments performed (see above paragraph) . The value of s (t) is then

related to that of the heave Z (t) by :

s (t) = z (t) - r (t)

2, 24 - The pitch and roll angles were measured separa -

tely with a Polaroid camera : a picture taken during a time intervall

equal to one period of the motion gave the extrem angular positions of a

little rod set on top of the model .

2, 25 - The interest of these methods is that they leave

the model completely free except for a few very thin electrical wires

going from the accelerometer and wave probes .

Ill - EXPERIMENTS PERFORMED IN REGULAR WAVES -

The experiments were conducted partly in the wave tank

of the Bassin d'Essais des Carenes (dimensions : 30 m x 7 m x

2.40 m) and partly at the towing tank n° 2 (dimensions : 1 50 m x 8 m
X 2 m) . In both tanks the possible waves are f ^ ^ 0. 30 m. ,

0.20 Hz ^ f =$ IHz .

Two types of experiments were performed
- The model was completely free to move in all directions to study

the rolling .

- The model was forced to stay in a vertical plane parallel to the

direction of wave propagation in order to study its vertical

motions and its pitching motion .

IV - EXPERIMENTS IN REGULAR WAVES WITH A COMPLETELY
FREE MODEL : STUDY OF ROLLING -

The experiments in one -directional regular waves with
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Waterline in calm water

-FIGURE 6-

PRINCIPLE OF THE MEASUREMENT OF ^ (t)

1015



Devn

a completely free model showed that for certain types of buoy , the

motions of the model are three-dimensional : the model oscillates

not only around the y-axis (pitching) but also around the x-axis
(rolling) . The top of the model describes then a 8-shaped curve ,

and the rolling motion has a period equal to twice that of the waves :

Tr = 2 Tw

This rolling has the following properties

- it is stable in amplitude ,

- this amplitude is considerable (larger than the corresponding
pitching amplitudes)

- rolling occurs but for certain wave frequencies f = 1 / Tw
- the wave amplitude has an important effect on the occurence and
amplitude of rolling .

Figure 7 presents the rolling and pitching behavior of

type 1 buoy .

The following remarks can be made :

- for a given wave amplitude the rolling occurs only if the wave frequen-

cy lies between two values , one close to fz , the other close to

- for a given wave frequency , rolling takes place only if the wave
amplitude is sufficiently small . Furthermore for certain amplitu -

des either rolling occurs or it does not .

- for a given wave amplitude the ratio 6 /f . varies irregularly

with the wave frequency when the model is rolling . One of the rea-

sons of this phenomenon is the following : when there is rolling the

top of the model describes a 8-shaped curved but this trajectory is

not stable with time , the eight rotates slightly on itself while un -

dergoing deformation . The figure below clearly shows that this

modification has little effect on the measurement of rolling but has
much effect on that of pitching .
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Picfure of pitching

Figure 8 shows the behavior in rolling of the type 14

buoy . Once more one remarks that rolling occurs only if the wave
frequency lies between two values one close to fz , the other close

to 2 f -. . For a frequency of 0. 240 Hz rolling occurs only if the wave

height is larger than some critical value (T = 0. 20 m), but in

contrary to the type 1 buoy , the half-amplitude of rolling increases

monotically with the w^ave height up to T = 1 m . The experiment
could not be conducted beyond this value , for the heaving motion
became too large and the model was periodically submerged by the

waves .

V - EXPERIMENTS IN REGULAR WAVES : STUDY OF THE
VERTICAL MOTIONS AND OF PITCHING -

5,1- Experimental conditions -

The just mentioned phenomenon of rolling prevented any
valid measurement of the pitch angle by photographic method . The
experimental set up was then modified to eliminate the rolling

motion . The rod on top of the model was set between two guides

made of two horizontal steel wires parallel to the direction of wave
propagation and located one under the other . It has been verified on

a short number of points that this set-up did not perturb the value of

the half -amplitude of pitching and heaving .
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The following paragraph is devoted to the study of

pitching and vertical raotions performed under these particular

experimental conditions .

5,2- Presentation of results -

The experimental results are presented under the

form of "gain curve" . In other words the following ratios are given :

- pitching A/^A in degree per meter

- relative motion ^a / ^A

- heaving ^A / f A

In principle these ratios should be independant of f ,

and each one of them should be equal to the modulus of the transfer '

function computed from Newman's theory . Together with these

experimental gain curves , we also give the modulus of this transfer

function (denoted "J.N.Newman" in the figures) and in some cases

a curve denoted "second order" on the figures . This last curve was
obtained by modeling the dynamic system of the buoy (Input : wave
force , output : motion) by a second order differential system .

Wave force I I motion (6, s or Z
)

The wave force acting on the buoy was determined

theoretically from the hypothesis of Froude-Krilov (the expression

of these forces are given in section II) .

For example , the transfer function of the second

order system is for pitching :

Gep(f)

Gr\Jf) is obtained from the expression of the wave force . The cons-

tant coefficients in the denominator were experimentally determined
(damping test in calm water) .
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5,3- Type 1 Buoy -

Figures 9- and 10 show that Newman's theory is not in

agreement with the experiment . At certain frequencies there exist a

double regime in the relative motion . For example at f = O. 286 Hz,
during the same experiment we obtained the values tb^ - 1. 1 and
-
^^ = 4. 7 simply by giving to the model a vertical impulsion at the

right time . The gain curve in s exhibits a slight resonance for

f = f and a zone of unstability for f = 2 f^^ . For£<2 f^^ but close to

2 f^the signal has the following shape

s (t)

Wien the frequency is exactly equal to 2 f^the recording of s (t) is

untractable , it is very irregular and corresponds to very large va -

lues of s (t) .

The gain curve in shows the existence of a frequency
interval in which the points are very scattered . In this zone pitching

varies with time in the same way as s (t) does . The frequency inter -

val coincides approximately with [fz , 2 irA

5.4 - IVpe 11 Buoy -

The type llbuoy was chosen so that all conditions of

validity of the slender body theory be satisfied . In particular the

slenderness has a large value { H/R = 19- 34 ) , and the upper part

out of water has a cylindrical circular shape as the rest of the buoy .

This upper part is quite high (h = 0.42 m.
)

Figures 11, 12 and 13 show that Newman's theory is

rather well verified . However two discrepancies can be noted : for

f = 2 fothe experimental points are well above the theoretical curve
(see in particular the gain in Z) . Furthermore it is difficult to check
experimentally the value of the gain at resonance which is very
sharp . At resonance , the gain depends chiefly on the damping coef-
ficient . The theoretical heave damping coefficient is 0,92 , while
that determined experimentally in calm water is 85 . It seems there-
fore that there is a large inaccuracy for the value of the heave dam -
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ping coefficient . The same result exists for the pitch damping
coefficient .

5.5- Type n° 12 -

In order to confirm the results obtain with the type 1

buoy , we tested a buoy model w^ith the same dynamic characteris -

tics as type 11 , but with a conical upper part . This buoy model ,

denoted type 12 , was tested for various wave amplitudes in order

to check the linearity hypothesis . The results of the experiments
are given in figures 14 , 15 and 16 , which show that Newman's li -

near theory is , here again , not valid . It can be noticed in particu-

lar that there is a jump in the gains in s and Z . The results obtai -

ned for f = 2 fg show that the three gains are not independent of the

wave amplitude . When f is close to but less than 2 f r\ , two regimes
of motion are possible , in particular for the relative motion s and
the heaving Z . These two regimes are characterized first by the

value of the gain , second by the frequency of the oscillations . For
small gain this frequency is equal to that of the waves , for larger

gains it is half the wave frequency . In both regimes the oscillations

are approximatively sinusoidal , except for pitching when the regi -

me corresponds to the higher gain . Furthermore , for the large

gain the model is periodically submerged by the waves .

VI - CONCLUSION TO THE EXPERIMENTAL STUDY -

The heave damping of a spar buoy being very weak ,

when such a buoy is submitted to a wave train of frequency equal to

the buoy natural heaving frequency , it then performs motions of

large amplitude . Under these conditions if the upper part of the buoy,

normally out of the water , does not have a constant sectional area
non-linearities appear which modify completely the frequency res -

ponse of the buoy . In particular a phenomenon of double regime for

the vertical displacements appears . Discrepancies also occur for

frequencies close to but less than twice the natural pitching frequency.

Thus J.N.Newman's linear theory for heaving motion
is not valid unless the upper part of these buoys , which is out of the

water in calm water , be of constant sectional area on a sufficient,

length . The conditions of validity of J.N.Newman's theory for pit -

ching and rolling motions are more complicated as we shall see in

Section II .
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SECTION II

THEORETICAL INTERPRETATION OF THE

RESULTS OF EXPERIMENTS IN REGULAR

WAVES

The experiments , the results of which we have presented in Section

I , show that the spar buoy is far from behaving as a linear dynamic
system . It is possible to interpret these results qualitatively and
sometimes quantitatively using a non linear theory . This theory is

simply set by slightly modifying J.N.Newman's equations . In these

equations some volume integrals were calculated supposing that the

buoy heave was infinitely small . We take back these integral calcu -

lations making allowance for the finiteness of the heave amplitude .

I - GENERAL EQUATIONS OF MOTION -

The following classical assumptions are made :

- The buoy is a slender body (H/R ^^ l)

- Oncoming wave is Airy wave

- The exciting forces are computed using Froude Krilov hypothesis

With these assumptions , the equations of motion with

six degrees of freedom are obtained reasoning as in [zj

(^ + Q)i^[v] +[WJ[v] + [r] = [f] + [p]

w^ith

[r]= f
L

d V-

p ( G P A T) d ^
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(ii-i. I)

/
iJ 1A

p (1^+ r~*) d 1/
^ o ox '

m g

o

m
A

[^]-

M ,

V

a
c

a
ox

P

col

specific mass of water

acceleration of gravity

mass of the buoy

[dX , dY_ , dyo , _de_ , dV
]

Ldt dt dt dt dt J

Tensors of inertia , added inertia and damping

Immersed volume at time t

Acceleration of fluid particles due to orbital motion
of the waves imperturbated by the buoy

= (a . x) . X where x is unity vector of Ox axis

Current point on the buoy axis of revolution

The tensors M , Q , and N are considerably
simplified due to the fact that the buoy is a slender

boy of revolution .

M = diag m, m, m, Ixx, lyy, oj +0 (R^)

O =

O

O

O

m
O

O

m
O
yy

m
Pip

^ex
o

o

o

o

m
o

o

o

o

m
O

J

o

o

xe

y<^

XX

O

O

O

J
yy
o

o

o

o

o

o

o
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Type 1 and 1 5 buoy

(approximate shape)

Type 12 buoy

(exact shape)

For the type 12 buoy the exact expression of S (z) is

S (z) = S (o)

z+hj

. 1 (z + h^)

For type 11 or 14

S (z) = S (o) 1 (z + h^)

where h is very large .

As an example , for type 1

\^
h = 0,42 m

1034



Unstable Motion of Free Spar Buoys in Waves

Pg /
dl^=mg + pg S(o).' 2 h.

i f s < o

i f o < s < h,

i f h^
2 < s

pg

*v

dZ/= mg + pg S(o) . ( Z -J) + f ( s )

with

(II-2.2) f(^

i f s <

if ^ s ^ h.

2h,

-^ -sif s^h^
2 2

The calculation of the integral in the right hand side of the

equation (II-2. l) is much simplified by the hypothesis of slender
body theory and if we suppose that

h^ = 0(R)
and k R o (R)

o =

then ks = o (R)

p / %zo dl^ = - p g S (o) C kH Qq (k)/ + o(R) ./

with the notations displayed in the nomenclature .
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Finally , the heave equation is

2

(II-2.3) (m + m^^)-^+N^^-|^+ p g S(0)[Z + f(s)
]

dt

= pg S(0) [l - Cp kHQ^ (k)]/(t)

where f (s) is given by (II-2. 2) for type 1 and where

s (t) = Z (t) - / (t)

This equation completely determine the buoy heaving beha-

viour if the values of m and N are known
zz zz

4 3

m = T pR f^o"^ ([5 1 P- 200)
zz 3 o

isfor r . „ ^^
N [S(°!f

f fi - C kHQo(k)l from [l]

Thus , in this theory , the added mass is independent of

the frequency but the damping is frequency dependent .

The heave equation in J.N.Newman's theory is obtained by

setting f (s) ^ and m = .In fact , in this paper , we mean by

J.N.Newman's theory , the theory where f (s)^0 but where m is

given by the expression above .

Ill- EQUATION OF SURGE AND PITCH MOTIONS -

Equation (ll-l. l) becomes for coupled surge and pitch motions :

N d^X d^G ^, d X ^, de - /* ,

(m+m ) r- + m ^ + N +N = 2p/ aox d i^

XX ,2 x9 ,^2 XX xe , J
dt dt d t d t *<

d^G d^X dG dX /- r
(I +J ) +m «—7 + N^^—+N -—+ pj {GP^~g) d'\r=2p7(G^£Sx)^
yy yy dt^ ^®dt^ ^®dt ^®dt -"^ ' ^ -^^ ^ ^

where ( )x designates the projection on the Ox-axis .
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The pitch equation obtained by elimination of X in the

above two equations is of order 3 . In order to simplify subsequent

calculation we shall make use of the fact that the coefficients N
and N ^ are snaall . Neglecting them we obtain a second order

equation m B .

/ mxe \d^e de r_^
\lyy+Jyy-^,^^ ^N^e ^,

+ ^ (GP^g!
/

mx9

The calculation of both integrals is performed in the

same way as for the heave equation . Neglecting second order terms
in s one gets :

(II - 3.1)
(.

2 \ 2mxG \d de
lyy+Jyy- , 7^+^06 ,^ + mg t+a+ ^ g (s)
i

^ ^ ^ ^ m+mxx/ dt dt "L H '^ _

zG

= 2 mcr

mx0 1

Q. (k) + Qo (k) +
1 m+mxx 2C H

df_

Jdt

where the symbols introduced are defined in the nomenclature . The
function g (s) is for all types :

(II-3.2)

with h

g(s)=
if

\ " ^ h.

2 = oo for the type 11 and 14

The coefficients of equation (II-3. l) are the same as

n [1]

J
yy
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IV - EQUATION OF ROLL MOTION -

The roll equation is obtained from the pitch equation by

removing the forcing term located in the right hand side of the

equation

(II -4.1) U^'^'+Jxx -

^ 2 „-myf ,
2 d^

d_vf ,

Nipp—T+mg
rri+rriyw d t-^

dt

r+a+ g(s)

H
f =

with
XX
m
yy

= J
yy _

= m „ and m
and N^pf = Nq„

= m
yy XX

Experiments have shown (cf . Section I) that the roll am
plitude may be much higher than the pitch amplitude . This fact

suggest the introduction in the equation (II-4. 1) of a new viscous

damping term . This term is obtained using the Morison O'Brien

equation which gives the force d F (z) acting on a strip of length dz

for an infinite length cylinder in an unstationary flow [27j

p . ,

TTD^ d U(t)TTD

d F(z) = ^Cj^.D |u(t)|. U (t) + C^P —^ d t

where D is the cylinder diameter , U (t) the velocity of the fluid

relative to the cylinder , C^ and C^ , are constantsDM
The second term of this equation was already taken into

account : the first one corresponds to a non-linear damping .

Equation (II-4. l) becomes

(II-4.2)

,Ixx+Jxx-
lyf \d (p ^v d^

I, 2 + n;
m+myy/dt ff dt

d<f

dt

df

dt
+mg

zG
r+a+3r~g(s) f =

with
(1)

Ni^^ = Nff

(2)

Nyf
P

T c^. D
2 D

•"z^G (H- zG)'^"

with D = 2 R
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Equation (II-4. 2) is only approximate for roll- sway cou -

pling terms have not been taken into account (cf . previous paragraph
for linear terms and Morison - O'Brien formula for non linear ones).

Moreover Morison - O'Brien formula is only approximate . The
coefficient C is actually time -dependent and the value to be attribu-

ted to this coefficient varies in a large range [6] . Lastly , the

finiteness of the buoy slenderness (H/D) is not taken into account
(end effects) .

One should note than equation (II-4. 2) does not include

the non linearity due to the static restoring moment P ( ^ ) .In
fact , the exact expression of P {f ) is :

r (^) = - m g [t +a+ ^\(^_J-^ + tgV

with -4-'
4(W-

tg ^

sin (|9

W =
m
P

There is very little difference between this expression

- mg (r + a) sm y
even for angles approaching y? = 60° (relative variation is about
3 / lOO) .

V - APPROXIMATE EQUATIONS FOR HEAVE-PITCH-ROLL
MOTIONS -

Figures n°ll, 12, 13 relative to the frequency respon-
se of version n° 1 1 show that, in the linear case,the dynamic system
associated to the buoy (in the sense of paragraph 1-6, 2) may be
approximated by a second order differential system , This result

suggests that we may substitute to equations (II-2.. 3) , (II-3. l) and
(II-4.2) the equations

(II-5.1)

d^Z -

(m+mzz) , 2 +nS
dt

dZ

dt
+ pgS(o) Z + f(s) PgS(o) 1-C kHQo(k)

P
/ (t)
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d^e
[o)— zG

r+a+ ~^ g(s) e

(II-5.3)

= 2 mo"

2 ,^ V j2 / X d<f3my (p \ d (p (o) ^

,
Ixx+Jxx -

m+myy;

\_dj) (o)_^ dp
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if s <

Awhere F(s) =—
2h,

if < s ^ h.

if s >. h.

Let us assume that the wave amplitude be sufficiently-

small so that s ^ h always . It is then possible to determine the

expression relating half the amplitude s of s (t) to half the ampli
tude S. of the wave by means of the optimum linear operators the-

ory [ll ] .For the type 1 buoy , one obtains :

(II-6.3)

s . V (rrH-m^J cr^ - pg S(o) C k H Qo (k) 1 + a^ Nzz ^

T ir —

'

/ 4
-I 2

pgS(o)-cr (m+mzz) - 3^^^PgS(o)s^ + 0- Nzi°y

For the type 12 buoy one has

if s ^ hn

F(s)=^/s - if h^ < s < h

h^+ah, if s >. h.
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and if it is assumed that h r^i. , then

(II-6.4)

.^A
y r (m+mzz)(r^- pg S(o) C k HQo (kF + cr^ nii^

/a
i pg S(o) -0" (m+mzz)+pgS(

•t«hi 3TIh, I
2Ni

+ <r

TYPE 1 BUOY -

From equation (II-6. 3) it is easy to see that for a given

frequency and a given wave amplitude , there exist one or three

positive roots s . By a method identical to that used in the following

paragraph , it can be verified that when there are 3 roots , one of

them is unstable . This explains the jump and hysteresis phenomena
observed when solving equation (II- 6. 2) on an analog computer .

Figure 17 presents the gain curve obtained (-p- versus f) , and shows
a good agreement with experiment .

"

TYPE 12 BUOY -

Equation (II- 6. 4) is of degree 6 in s - It has therefore

six roots but it is difficult to see whether they are real positive .

Rather than solving directly this equation on an analog computer , we
solved it graphically , which permits to understand better the jump
in the gain curve of the relative motion (Figure 15) .

The notations and terminology of T 11 J a-^e used here,
and it is assumed that the wave amplitude is small enough for s (t) to

be always less than h . In order to simplify the computations it is

also assumed that h = .In fact h = 0. 08 m and h = 0.42 m .

Setting h to zero will thus slightly modify the results . However the

general shape of the phenomena will be kept
tion of equation (II -6. 2) is

The describing func -

H (ior.a) = pg S(o)

2 ^

1-

4 a

+ 2
3^h2 8 h^

0" (m+mzz) - i cr Nzz

where it has been set a .^ s . for a w^hile— A
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The characteristic equation of (II-5. 2) reads

2A(a,o-)A +B(a,o-)X+C (a,cr ) -

where . , \ A , 2 , .2 ^Xo)2A ( a, cr ) = 4 a or (m+mzz ) + a N
zz

B (a, cr)^N^°^
zz

2 3 2
pg S(o) (2a- 4 a + a ) +2a(r (m+m )

>> zz']

C (a, cr)4a(r^r/°^ +
2 3 2

PgS(o)(a- 4 a + a ) -ao" (m+m )!•

3T]h2 8h 2 zz

Pg s(.,(
1- 8a + 3a

37rh. 8 h.^
<j (m+m )

zz

For a given frequency and a given value of a , the

quantity a H (i cr , a) defines a point in the Nyquist plane . When a

varies , this point describes a curve called an equifrequency curve .

The solutions of equation (II-6. 2) are obtained as the intersections

of this equifrequency curve and a circle centered at the origin and
of radius equal to the numerator of expression (11-6.4) times /
(This construction is but the geometric interpretation of equation

II-6.4) .These solutions are stable if the real parts of the roots of

the characteristic equation are negative , they are unstable otherwise.

When the wave frequency is small , equation (11-6. 2) has
only one solution (Figure 18) . For a slightly larger frequency ,

equation (II- 6. 2) has two stable solutions and one unstable solution

(figure 19) . Only the smallest solution has been obtained experimen-
tally , because during the experiments w^e did not attempt to see if

a second stable motion was possible . When the frequency ^s 0. 182

Hz there are only two solutions both stable (Figure 20) .

Figure 21 clearly shows the jump phenomenon . Beyond x - 0. 182 ,

there is only one stable solution (Figure 22) .

From the quantitative point of view , Figures 18 to 22

lead to solutions slightly different from the experimental results .

In particular ; the jump phenomenon occurs for f = 0. 182 Hz instead

of f = 0. 190 Hz . It is believed that this discrepancy is due to the
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difference between the real value of h (h = 0. 08 m) and the value

actually used in the computations (h =0) .

From figures 18 to 22 , it is easy to determine the in -

fluence of wave on the value of a = s . . The equifrequency curves
are indeed independent from the waves amplitude , and the circle

radius is proportional to it . One can see , for example , that for

f = 0. 182 Hz the curve gain VS half-wave -amplitude must exhibit a

jump at J = . 1 28 m .

In conclusion to this investigation of the double regimes ,

figures 23 and 24 show the effect of h andjf on the shape of gain

curves computed for the type 1 buoy .

If we turn back to figure 15 we see that the above theory
does not explain the double regime in relative motion in the vicinity

of f = 2 f „ . One reason for this discrepancy is that we have assumed
that /d (t) ^ h (see beginning of this paragraph) . No attempt has
been made at explaining the double regime in the vicinity of f = 2 f p
by discarding this hypothesis .

VII - EXPLANATION OF ROLLING IN REGULAR WAVES -

It has been known for many years that a ship moving in

longitudinal regular waves can perforra rolling motions of large
amplitude [ 12 ] . In 1955 , Kerwin C 1 3 ] explained the motion by
the periodic variation of the restoring moment in rolling due to the

on-coming waves . The roll appears as an unstable solution of a

Mathieu equation . In 1959 , Paulling and Rosenberg [l4j have
shown that instabilities in the ship motion could be explained by the

effect of second order coupling terms in the equations of motion (see

also [15
J

and 1_16 !)• This latter work was pursued by M. R. Had-
dara for the case of a ship in oblique regular waves [iV]

In the case of a spar buoy , Kervin's approach does not
apply , since the wave length is considered as large as compared to

the buoy diameter . However , the rolling motion can be explained by
the presence of a non linear coupling term betw^een heaving and rol -

ling ( equation II- 3.3) .
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(2)
If it is assumed that N = , equation (II- 5. 3) becomes

(II-7.1)

d^f
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Equation (II-7. 2) is a Mathieu equation [ 18 1 . Its

stability chart is recalled in Figure 25 . The values of fi , 6 and
8 for the buoys type 1 , 11 , 14 and 15 are given in the following

table .

Type n°
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When the wave heightvaries while the frequency remains
constant the point (p, q) moves along a line parallel to Oq . Thus ,

when p 7^ 1 , there will be no roll if the wave height is sufficiently-

small .

The exact solution of equation (II-5. 3) , taking into

account equation (11-5. 1) , has been performed on an analog compu -

ter . The results are given in Figures 26 and 27 for the type 1 buoy ,

and in figures 28 and 29 for type 14 .In figures 27 and 29 , the non / v

linear damping term has been taken into account . The coefficient N\,^

was obtained by trial and error , and such that the theoretical curve
be as close as possible to the experimental points . Unfortunately,

the value of N^fo^ so obtained corresponds to a value of the coefficient

C too large for the type 1 buoy and too small for type 14 . The
coefficient N^pf^was set equal to zero in figures 26 and 28 for it was
not possible to fall back on the experimental points (figures 7 and 8).

In particular in the case of buoy type 14 , the curve is a parabola
but with a downward concavity as in Kerwin's work .

It seems therefore that our theory is unsufficient for the

prediction of the roll angle . This disagreement may be partly due
to the damping coefficient N^O^pactuall y varying with frequency ,

while it was assumed (equation II-5. 3)to be constant (N^^^|i<»p=N^^-^pp ).

For example for the type 14 buoy , N^^^^varies from 1 for f = f fe? to

127 for f = 2 i(p.

Conditions for cancelling roll in regular waves -

We have shown that rolling occurs when

'"-^'' V'b '^ ^' ^V'
(11-7.3) %4i^ .^ ^i ^^4 i^ - ^
Therefore , there is no rolling if and only if

—=^ = o
TT2

which is impossible except for vanishing values of J, . In fact it is

necessary to take into account the damping term in pitching . We
establish now an approximate condition for no rolling . First we
recall that instability occurs in the vicinity of f = 2 fq whenj -. is

small (see II -7. 3). Then p~l and q ^ -^^fJk^ Unstable
^TT^f^e 7

solutions of (II-7. 2) grow exponentially as e ^ . Hence, there is
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no rolling if and only if q < ^ ov

= A

We as'sume now that the natural frequency for heaving

f is not too large as compared to the natural frequency for pitching

f so that
o

2 f ^ » f
e z

Then s. c=lJ» for f = 2 f „ and the condition for no rolling reads :

(11-7.4) /^< ^

(II-7.5) /^<2H^ fl- j

(0)
Unfortunately ^ is not theoretically known since N pp

is determined experimentally . Nevertheless for a given value of

Sjx , (II-7. 5) shows that there is no rolling if the center of gravity

is located well below the center of buoyancy .

VIII - EXPLANATION OF THE UNSTABLE PITCHING PHENOMENON-
The unstable pitching observed with the type 1 buoy can

be explained qualitatively in the same manner as for rolling , by
reducing the problem to an equation where the left member is a

Mathieu equation . However there now exists a right member which
is a sinusoidal function of same frequency as the perturbation term
in the left member . It is known [ 19 1 that the regions of stability

and unstability are the same as for the equation without a right mem-
ber . The qualitative results established in paragraph VII are thus

valid . Figure 28 shows that the theoretical domain of instability does
coincide with the domain of instability determined experimentally .
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SECTION III

ROLL BEHAVIOUR OF A SPAR BUOY IN

MONODIRECTIONAL IRREGULAR WAVES

I - INTRODUCTION

It seems that no paper has been published to-date on the

rolling motion of bodies in monodirectional irregular waves . At
least the author has been unable to locate any . One may quote

Kastner's study I ZOjabout the righting arm of a ship in a longitudi-

nal irregular sea . In a sense , his study is a continuation of

Kerwin's theory but it does not deal with the effect of the irregular

variations of the righting arm on the rolling motion of the ship .

From a mathematical point of view , the problem of the

rolling motion of a spar buoy is similar to various other problems
of mechanics (for example : simply supported beam subjected to

stochastic axial load ; vibrating string when the distance between
its ends varies stochastically) . All these problems are related to

the study of non- autonomous stochastic dynamical systems . Many
results exist for these systems but the most interesting one seems
to be that of G. F. Carrier I Zl

J . In the present Section , the rolling

motion of the spar buoy is studied by using Carrier's theorem whose
statement will be given in the next paragraph . The validity of rol -

ling criterion is verified experimentally .

II - HYPOTHESES FOR CALCULUS -

In this Section we use equations (II -5.1) and (II -5. 3)

with the following simplifications :

(2)

N pp =

\ = CD
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The approximation h = oo is valid only for type 11 and
14 buoys . For type 1 and 15 buoys , this assumption is very .coar-

se but it avoids intricate computations . We must recall that N»c?
is experimentally determined (damping tests) .

We assume that the wave elevationJ (t) is a normal ,

strictly stationary random function . We also assume that the sea
is monodirectional and that its spectral density is given by the mo -

dified Pierson-Moskowitz formulaTzzJ, namely .

2 -5

Sff(f) = O.llH T ( T f ) expJJ V V v
o,44 (Tvf)

It follows that signal s (t) is also gaussian and strictly

stationary

III - ROLLING CRITERION

With the above hypothesis the rolling motion equation

takes the form (see paragraph 7 of section II)

(III-3. 1)
dT2

+ P
d t-

15 - 26s (t) (^ = o

Now the coefficient of ^ is no longer harmonic but varies

stochastically . For any given initial conditions which are determi-
nistic for example f\

- P ^^'K'aa ^-^ ^^ make now the assumption
that the buoy is rolling if and only if equation (III-3. 1) is unstable
in the mean square . By definition , equation (III-3. 1) is stable in

the mean square if , for any
(f

:

< p (t) > — when t—+ oo

where < • > denotes ensemble average .

Now equation (III-3. 1) may be written as

(III-3.2) -^ + [ 1 + Sj (t^)] f='i(tj)= o
",=

where Pi (t) ^
P. t

2
Pit)

.. /
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(III-3. 3)

S 4 ^i-

^ -
2 6

J-E-
~
4

s (t)

Equation (III-3. Z) has been studied by G. F. Carrier
I
21 J

who has given an expression for<pi ( t, ) > which is valid under

certain conditions (see also Keller [23j ) . Carrier's expression and
relations (111-3.3) permit us to give the expression oi<p (t) > by

the following assertion :

Assertion - If , in equation (1II-3. 1) , the coefficients ^ , i , h are

constants and if s (t) is a gaussian white noise , then , the asympto-
tic expression for < p ^ {t) > is

t > P
i -

^2
Sss ( 2 f ^ )

where S (f) is the spectral density of s (t) and iiD
ss "^ —V^ P'

2TT 4

We note that Carrier's theorem is obtained by setting P =0

,

When s (t) is not a gaussian white noise this asymptotic
expression does not hold any longer . Nevertheless , Carrier has
shown that this formula is a good approximation in the following

cases :

a/ s(t) = s cos ( 47Tf^ t + 6 ) where 6 is a random
variable distributed uniformly over the interval (0, 2 TT)

b/ s (t) is a gaussian process with an auto -correlation
function given by

R (T ) = 2 k e
- k

(k>0)
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For lack of results concerning the case when s(t) is a

gaussian process \vith any autocorrelation function we use the asymp-
totic expression given by the assertion . This expression permit us

to give the stability criterion of equation (III-3. 1)

(111-3.1) 2p (5-4-3
Sss<2fp'" n

—

For all types «
), , hence

4

(III-3.4)

S_ (2f p )

2^.

ss

This stability criterion may be written in another form by
the following transformations :

A SJJ (f)

indep . of H

H P ( 2 77 if ) = transfer function of relative motion

s
ss
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In the plane (H , T ) the instability region is located above

the curve defined by ( III-3.5 ) .As an example , figure n° 31 gives

the range of H and T in the North Atlantic . Figure n° 32 gives the
V V o o

region of rolling for type 1 1 buoy .

In practice , relation (III-3. 5) does not allow us to study by
means of calculus only the effect of the buoy characteristics on the

presence of a rolling motion because Nfepi^j is not known theoretically

but only experimentally .

IV - EXPERIMENTAL STUDY -

4.1- Experimental apparatus and procedure -

In order to verify the validity of the rolling criterion (III-3. 5)

we have performed experiments in irregular waves with a spectral

density given by the modified Pierson-Moskowitz formula . Only type

1 , 11 , 14 and 15 buoys have been tested in tankn° 2 of Bassin d'Es-
sais des Carenes . This tank is equipped for generating irregular

waves [24 J
: any spectral density may be simulated by using a dri -

ving voltage . This driving voltage is obtained by running a pseudo -

random white noise through a linear filter so designed that the square

of its frequency response has the desired shape . Figures 3 3 and 34

show an example of a measured spectral density of waves and of re-

lative motion .

The experiments w^ere carried out in the manner discussed
below . A driving voltage was selected , corresponding to a given

value of T . Then the value of H was set by adjusting the gain of an
V V

amplifier located at the input of the generator of the Ward Leonard
group . Unfortunately , during these experiments , the gain could be

adjusted only by step . Consequently , the critical value of H (i. e.

the value above which the model rolls) was not precisely determined .

4.2- Results -

Figures 32 and 35 to 37 show the results foiM;ype 11 , 1 , 14

and 15 buoys . In these figures we can see the "theoretical curves"
which give the critical value of H versus T as given by equation

(III-3. 5) . As was said before , the n\imber of experimental points

are too small for the critical values of H to be well-defined . Yet it
V

seems that there is no fundamental discordance between the theoreti-

cal curves and the experimental results .
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1C 13

FIGURE 31. MOST PROBABLE VALUES OF ( H^ .
T^ ) IN NORTH ATLANTIC (siai.on am oi ref[25]

)

_ Hy (meters)

e
© ©

NO ROLLING

Tw ( sec.)

10

FIGURE 32- REGION OF ROLLING OF TYPE 11 BUOY
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TYPE 11 BUOY

Hv: 0.519r

Real scale

Tv : 6<

Frequency for real scale

'"'J,'----.. l 1 _ , J .
'f.6 e.7

FIGURE 33_ SPECTRAL DENSITY OF WAVES IN TANK N' 2

o.s
f(H(Hz)

Sss (f) m'/Hz for real scale

Measured

TYPE 11 BUOY

( Hv: 0.519,

Real scale

T„ = 6<

Frequency for real scale

0.1 . tj. ofi

FIGURE 34_SPECTRAL DENSITY OF RELATIVE MOTION IN TANK N'2

riHz)
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Hy (meters)

See key below figure 37

J I I L J L
Tu (sec.)

H,, ( meters)

FIGURE 35. REGION OF ROLLING OF TYPE 1 BUOY

See key below figure 37

J L J L
Ty ( sec.)

FIGURE 36_ REGION OF ROLLING OF TYPE 14 BUOY
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'^ H V (meters)

See key below this figure

+ -+- + tb

Theoretical curve

Tv(sec.)

FIGURE 37- REGION OF ROLLING OF TYPE 15 BUOY

KEY FOR FIGURES 35 TO 37

Experiments

_i_ frequentand important rolling ( Ip "^10°)

n frequent but not important rolling ( *P yiO")

j^ no frequent but important rolling { sf N 10")

jjk no rolling
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IV - CONCLUSION OF SECTION IE -

Not enough experimental data has been collected for the

validity of rolling criterion to be verified without doubt . Neverthe-
less this criterion seems reasonable . We must note that it was
necessary to introduce in the rolling equation a damping term expe^

rimentally determined for J.N.Newman's theory gives too small a

value for this term , and , hence , for the critical values of H

GENERAL CONCLUSIONS -

We have shown in sections I and II that J. N. Newman's
theory is not valid except if the following conditions are fulfilled ;

a/ - the upper part of the buoy which is normally out of

water must be of constant sectional area and must be high enough
so as to avoid a double regime in the heaving motion .

b/ - It is more difficult to state the conditions for avoi -

ding rolling motions and unstable pitching motions but lowering the

center of gravity is an effective method .

When these conditions are fulfilled , J.N.Newman's the-

ory is well verified except for the values of the maxima of the fre -

quency response functions in heaving and pitching . Therefore it

seems necessary to determine experimentally the damping terms
in heaving and pitching .

In section III we have proposed a criterion for roll in

irregular waves . It seems that the criterion is not in disagreement
with the few experimental results which are available , provided
that one uses an experimentally determined damping term in the

rolling equation .
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NOMENCLATURE

C Coefficient of drag appearing in Morison's formula

C Coefficient of added mass appearing in Morison's
formula

C„ Vertical prismatic coefficient —

—

^ , .

P ^
p H S (o)

H Buoy draft

H (i (7 , a) Describing function

H j> (2TTl|) Transfer function of relative naotion

H Significant wave height
V

H (2TTL^) Transfer function of pitching motion

1 Moment of inertia of buoy in roll about the center of
XX

gravity

I Moment of inertia of buoy in pitch about the center of
yy gravity

J Added moment of inertia of buoy in roll about the
XX

center of gravity

J Added moment of inertia of buoy in pitch about the
yy center of gravity

K Radius of gyration in pitch
yy

L--T, Overall length

N Damping coefficient in heave
zz

N Damping coefficient in pitch

N pp Damping coefficient in roll

O X y z „. ,

o o o o Fixed coordinate system

O X y z Body coordinate system

P = -f-f^ {zG - z)''s(z)dz
n m /•^ o

/-H -kz

Q (k) = -^ (zG - z)''s(z)dz
n m /

•/ o

R Buoy radius
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S (z) Section area of buoy
S (f) Spectral density of relative motion
ss

Sop (f) Spectral density of waves

T Period of pitching motion
P

T Period of rolling motion
r

T Period of relative motion
s

T Period of irregular waves
v

T Period of regular wavesw
"V/" Instantaneous immersed volume of buoy
W Displaced volume of buoy in calm water
X Surge displacement of buoy
Y Sway displacement of buoy
Z Heave displacement of buoy

a = z ' - z'
C G

a Acceleration of fluid particles due to orbital motion of
o - .

the on-commg waves

a
ox

= (a_. 15

a = (a- . z ) z
ozo 000

f Frequency
f Natural frequency of heaving motion

f Natural frequency of pitching motion
6

g Acceleration of gravity

i = V

Characteristics of the upper part of buoy

k Wave number , 2tt
A

m Buoy mass
m Added mass of buoy in the x direction
XX

m Added mass of buoy in the y direction
yy

m Added mass of buoy in the z direction
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m Coupling coefficient between surge and pitch equations
x6

m Coupling coefficient between sway and roll equations
yv

r Metacentric radius

s (t) Relative motion

t Time
X , y , z Cartesian coordinate system

X , y , z Fixed cartesian coordinate system
o o o

~K ,

y*^, z Unit vectors of O x y z

IT , y , z Unit vectors of O x y z
o o o o o o o

^C
Position of center of buoyancy / O x y z

Position of center of gravity / O x y z

z

'

/

C Position of center of buoyancy / baseline

z' Position of center of gravity / baseline
G

J
(t) Wave elevation

P Half -wave amplitude (preferably to "wave amplitude")

f Wave height
J w

Pitch angle of buoy

\ Length of regular wave

f Density of fluid

cr Circular frequency of oscillations

Y? Roll angle of buoy
rfy^l Righting moment in roll
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AUTO-OSCILLATIONS OF ANCHORED VESSELS
UNDER THE ACTION OF WIND AND CURRENT

A.V. Gerassimov, R. Y. Pershitz, N.N. Rakhmanin
Kryloff Ship Researah Institute

Leningvadi U. S. S. R.

ABSTRACT

Horizontal plane auto -oscillations of a vessel

laid at one anchor are investigated and condi-

tions under which auto -oscillations can be eli-

minated are established. Ship structure cha-

racteristics providing auto -oscillation elimi-

nation are considered.

INTRODUCTION

It is known from practice that in the presence of wind an
anchored vessel swings from side to side with respect to wind direc-

tion line. It performs angular (yaw) and translational (drift) oscilla-

tions in the horizontal plane. As is shown by full-scale observations,

the intensity of oscillations depends on the wind force, and their am-
plitude values may reach 90° to 100° for the yaw while for the drift

they may be equal to the depth at anchorage or even more than that.

The dependence of the oscillatory period on the wind force is weak.
When lying at anchor is a working condition for a vessel, such oscil-

lations may prove to be extremely undesirable.

Yawing and drifting of anchored vessels are auto-oscillatory

in nature as they may be caused even by the wind of constant direction

and force. Such character of motion is due to nonlinear relationships

inherent in an oscillatory system formed by the anchored vessel. The
most significant of these manifest themselves in the nonlinear relation-

ship between the horizontal component of the anchor chain tension and
the shifting of the hawse-hole with respect to the sea bed, as well as
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in the nonlinear relationships between the aerodynamic and hydrody-
namic forces and the kinematics of the ship's motion.

For the purpose of making a detailed analysis of yawing and
drifting of anchored vessels this paper deals with the discussion of

forces acting on the vessel in the circumstances, and the derivation

of relevant differential equations of motion. In the derivation of these

equations great attention was given to determining the tension of the

anchor chain as dependent on the shifting of hawse-hole.

The aerodynamic and hydrodynamic forces are defined in

accordance with the known results [_lj
, L^j> L^J • The general

equations of motion obtained for an anchored ship are used for finding

her equilibrium positions and analyzing stability of the same. It is

shown that the main reason inducing the ship to yaw is instability of

her equilibrium position due to wind. Consideration is given to condi-

tions in which stability of equilibrium is ensured for anchored vessels

while periodic yawing and drifting is ruled out.

1. Coordinate systems and Nomenclature

To solve the problem under review, four coordinate systems
are used. Two of them are applied for the description of ship's motion
in the horizontal plane, viz. , the fixed coordinate system XOY with

OX -axis directed oppositely to the wind and the origin O which coin-

cides with the center of gravity (CG) of a non-diverted vessel, and
the body axis system ^O^t) with Oi ^ -axis directed forward and the

origin in CG. The 0^ 17 -axis is directed to port side.

Figure 1 shows the directions of coordinate axes and positive

directions of angle reading for the two systems. The notation B
denotes a point of the anchor chain breaking away from the ground,

Hq = initial position of the hawse-hole, H^ = current position of

the same.

Two more coordinate systems (Figure 2) are required for

the description of the anchor chain positioning in space. One of these,

the e' Ax' system is situated in the plane of the anchor chain sag-

ging. The origin A is made ccincident with the anchor lying on the

ground. The Az'-axis is directed vertically, while the horizontal axis

is coincident with the ground plane and directed to the hawse-hole Hq.

The other system of coordinates h.06 is characterized by the fact that

the vertical axis oh always passes through the point B where the

anchor chain breaks away from the ground, and that the origin O is

at a distance of
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^ - ^ <»

below the ground level. Here T denotes the horizontal component of

the anchor chain tension and W is the weight per unit length of the

chain submerged in water.

Besides, the following designations are also used in this

paper

J and J = mass density of water and air,
o

g
= acceleration due to gravity,

\_^
- length between perpendiculars,

A = lateral area of the underwater body,

Q = sail area,

m = ow^n mass of ship,

X and X = longitudinal and transverse added masS;

J = ship's mass moment of inertia for cen-

tral vertical axis,

X = added mass moraent of inertia for the
66 same axis,

V = wind velocity,

V = flow velocity.

a o
angle between wind and flow directions,

CA = center of sail area.

t = abscissa of CA,
^s

^ and V - hawse-hole coordinates in the body
^^ ^^

coordinate system ^ 77 ,
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P , P ^ , P = aerodynamic force and its projections on
a a ^ an 111

the body axis,

Pi » ^1 >• » ^1- ~ hydrodynamic force and its projections

on the body axis,

P ^ , P = projections of horizontal component of the

anchor chain tension on the body axis,'

M = aerodynamic moment about the central

vertical axis,

M, = moment of resistance to ship's rotating

about the central vertical axis,

M = moment of anchor chain tension about

the central vertical axis,

/3 , /3 = angle between wind direction and ship's

longitudinal axis; the amplitude value of

the same angle,

l9
= same angle at static equilibrium,

^ and ij = projections of CG velocity on the body axis,

Y = lateral (normal to the wind) displacement
°

of CG,

X = displacement of CG towards the wind,
o

X, ,
= displacement of hawse-hole towards the

hh .

wind,

y = lateral displacement of hawse-hole,
nn

AX' = projection of absolute displacement of

hawse-hole onto the anchor chain sag-

ging plane,

,p
- angle between wind direction and the

anchor chain sagging plane,

H = depth of sea at anchorage,

= hawse-hole elevation over the sea bed.
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2. Basic assumptions

The discussion of yaw and drift problem for the anchored
ships is based on the following assumptions :

1. It is assumed that the coupled pitching and heaving
motions do not affect the ship's movement in the horizontal plane.

2. The magnitude of hydrodynamic forces is taken as in-

dependent of athwartship inclinations.

3. In the estimation of inertial forces the vessel is con-
sidered to be symmetric not only about the centerplane but also about
the athwartship plane, and the center of gravity to be located in the

athwartship plane.

4. In predicting the noninertial forces and moments acting

on the vessel use is made of steadiness hypothesis. It is also assumed
that the ship's movement is so slow that the anchor chain inertia forces
can be neglected when determining the tension of the chain.

3. Differential equations of motion

According to [ 1 J the differential equations of the ship's

horizontal motion in the body coordinate system ^ Oj tj can be writ-
ten as follows :

(m+ X^^) I - (m+ X^^) V„ ^ = ^^ '

(m + X^^) 7," + (m + X
^^)

V^ |8 = Ft, ,

(Y + X^^) ^^-
( X^^ - X^^) Vt, . V^ = M. (2)

The right-hand side of equations (2) could most convenient-
ly be written as the sums

^ a^ h^ T^

F 77 = - P - P", , - P
'

a77 h^ Ttj
•

M = kT - M, - M^ . (3)
a h T ^ '
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The terms included in the expressions (3) are determined
by the aerodynamic forces acting upon the above -water body in the

presence of wind, the anchor chain tension, and the noninertial hydro-

dynamic forces generated on the underwater body during its motion.

The inertial forces considered in this problem are taken into account

in the left-hand side of equations (2). When defining the signs of

formulae (3) it was thought that the forces and moments were cal-

culated for the positive shifts.

In equations (2) provision is made for taking account of

the constant current in the vicinity of anchorage. For this purpose
you need only to represent the CG velocity projections with respect

to water in the form of the following obvious expressions (Figure 1. ):

V. = ^* + V Cos (a + <3 ),
? o o

Yr, = V - Y Sin { a + 13), (4)
o o

In the absence of current Vq and a^ are equal to zero.

Thus three unknown values can be derived directly from equations (2):

yaw angle /3 and projections ^ and t/ of the CG velocity. In the

fixed coordinate systems these projections will have the form

X = i Cos /3 - ^ Sin |8 , Y = ^* Sin /3 + 17 Cos (5)
o o

By integrating expressions (5) time functions XQ(t) and
YQ(t) can be found which determine the position of CG in space. The
position of the hawse-hole can be found from the following obvious

relationships :

^uv. = ^ - ^uv, (1 - Cos /3 ), Y, , = Y + I,, Sin /3 (6)
hh o hh hh o hh

Along with the relationship for j3 (t) the functions of

Xo(t), Yo(t), Xhh(t) and Yhh(t) give rather a full idea of the

yawing and drifting of an anchored vessel under the action of wind
and current.

4. Estimation of aerodynamic forces

Projections of aerodynamic forces on the axis of the body
system of coordinates ^ 0^ tj are defined by expressions
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Here coefficients C^ t and Cj^„ are chosen in conformity with

recommendations of Ref. [z] , and C^^^ is determined by the

expression

C =7^0^ SaL^
, (12)

hm. 64 hrj

established under the assumption that the centre of ship's rotation in

the horizontal plane coincides with the athwartship plane. The second

terms of formulae (H) allow for the presence of current

V t = V Cos ( a + ^ ), V„ = V Sin( a + /3 ). (13]
s O O 'GO

6. Estimation of tension of the anchor chain

At an arbitrary moment of time the longitudinal axis O^ ^

forms an angle ( /3 + <p ) with the anchor chain sagging plane (Fig. 1 )

Projections of tension T for the latter on the body axis will be

expressed by the relationships

P^ = T Cos '(
iS + <^ ),

P., = T Sin ( /3 + V ). (14)

The moment of force T about the central vertical axis appears to

be equal to

M"^ = T . ^
j^j^

Sin ( + <^ ) - T.r/hh -Cos ( /3 + <^ ). (15]

The horizontal component of the anchor chain tension is represented

by the sum

T = T + A T (16)
o

Here T is taken as
o

T = C° ^^ y\ (17)
o a| 2
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which corresponds to the longitudinal component ^^t_ ^ Pg^t of the aero-
dynamic force for ^ = v? = , The tension increment A T is

estimated by the hawse-hole shifts AX' in the course of drifting or

yawing of the vessel. The curve of T against A X' plotted with

allowance for the chain line characteristics is presented in the dimen-
To

sionless form in Figure 4 for the case when K_ = ...^ tt =0
• In all^Hh

other cases the relationship of AK = f(AX') is easily determined,

using the same figure, by shifting the origin along the curve to the

point where the latter is intersected by the straight line K = Kq .

7. The final form of differential equations of motion

Taking into account the results given above and conver-
ting the equations (2) to the form where the coefficients for the

second derivatives of variables ^ , ^7 , and /8 are equal to unit,

the set of differential equations of motion for an anchored vessel in

the presence of wind and current can be presented in the following

final forin which will be convenient for further analysis :

^'-P, V ^+P,, n^' +P^oV Cos( a +^) Cos(a + |3

)

- P AkCos( |S + V ) = P V^ Cos( /3 + V? ) - P V^ Cos ^ ,

B H U
Jj+P "^tB+"P^r\\ri\-'P^Y Sin( a + &)\ Sin( a + /3 ) +

r?ls 773111730 o I O I

+ P ^ A It Sin( j3+(^)=-P^ V^ Sin( (3 + v? ) + P . V^ Sin /3 ,

??4 ^5 Tjo

= I^-o. V^ Sin /3 - P.^ V^l /Slsin /3 - P^ , V^ Sin( ^ + ^) +
p 4 p b ' I p o

+ P V^ Cos( /3 + <^) +-P ARCos{ & + <f>)

>(18)

In equations (18) the values of CG velocity. projections V^ and
V „ are determined from formulae (4) and the following designat-

ions are used :
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m + X
22

U

U

m + X
11

W H,

m + X
11

|2

U

2 (m+ X^^)

^" So Q

2 (m+ X^^)

Ml9)

m + X
11

ni m + X

W H.

m + X

22

22

C ° ! A

Zlm+X^^)

6 J' o
Q

^5
2(m+X^^)

. P
^6

C° p Q
ar; J o

2(m+X^2)

(20)

X22 Xll

^1
J + X

66

^»h ^h
^3

J + X

27r

66

/ Q L
o

07
^M ^o Q "hh

2 { J + X
^^)

1 hrj

^2 32 2(J+XJ

^4

^6

/38

C ( ^ + 6 )S qL
o o so
2(J+ X^^)

2{J+X^^)

W"h "hh

J + X
66

>(21)

8. Equations of equilibrium

Equations of equilibrium for anchored vessels subjected

to wind and current action can be derived frorn differential equations

(18) providing ^ = ^ = ;
'^' = ij =

; ^ = and ^ = .

1088



Auto-Osoillations of Anchored Vessels

The set of equations thus obtained makes it possible not only to

define the equilibrium position of an anchored ship, with the wind
and current prescribed, but also to follow the dependence of this

position on the ship's particulars and the coordinates of the hawse-
hole.

In the absence of current (V = ) this set of equations
is reduced to a single equation which determines the angle of equi-
librium (3 :

{6 + ^ ) - i-JLi

Ztt

'a^

arj

hh

^ hh
Sin j3 +

(22;

Cos |8 =

It follows from equation (22) that the angle /3 ^ is dependent on
the coordinates of the hawse-hole ^ hh and Tj , , and the lengthwise
position of the centre of sail area d'g . The ordinate ^ hh ^^^ ^°
appreciable effect on the equilibrium position of the vessel. Setting

^ hh ~ "^ ^^ shall find that angle /3 ^ is equal to zero if the hawse-
hole abscissa satisfies the condition

ho

C

CO ^ o
a??

6 )L (23)

Otherwise angle /3q is defined from the formula

hh
/3 2 TT (

• + 6
o s

C°
arj

(24)

9. Stability of equilibrium positions

A vessel may stay in the positions of equilibrium as
defined above only on condition that these positions are stable.

Considering the stability of the vessel with respect to yawing in con-

formity with A.M. Liapunov's general theory [4] , the following
criterion of stability can be obtained :

1089



GerassimoVj Pershitz and Rakhmanin

«hh
C°, C° , Cos iS + C° Sin/3 L Sin /3 tg /3 I ^^1a£ a^ o ai} o o o hh

"^

KY. . C
'

H, • /j JLC
o o o

+ ^^— + > d^ + ^

(25)

Ztt
o s

where ^ Xq is the non-dimensional shifting of the hawse-hole in

relation to the anchorage depth Hj^ as the ship passes from the

state of rest in the absence of wind to an equilibrium position with

the wind having the velocity of V.

It can practically be assumed that —7-— = 0. 5. In this

case angle |3 is equal to zero, which can easily be verified by
using formula (23), and the criterion (25) is simplified taking the

form

'-1^ > ( ^ ^ ^) -5-- (")

Taking into account the curves of Figure 3 it can easily be shown
that for the conventional arrangement of the forward hawse-hole
condition (26) is not met, i, e. in the absence of current the anchor-
ed vessel subjected to wind will not be stable to angular deflections

from the course.

Instability of equilibrium of a vessel held in place by the

anchor is the main cause of drifting and yawing, which in the absence
of current and with constant wind have the nature of auto-oscillations

which are symmetrical with respect to the wind directions. Fig. 5

shows the curves obtained by computer simulation of the set of

equations (I8), which characterize the auto-oscillations of the an-

chored vessel (-=^ = 5; _^ =0.5; ^s ' 0.07) subjected

to constant wind ( V = 12 m/sec) in the absence of current

(Vo = 0).

Under the simultaneous action of the wind and current the

yawing becomes asymmetric with respect to the wind provided that

the direction of the wind differs from that of the current. The average
angle /3 q and average shifting of the hawse-hole Yj^q increase
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with the increase in the flow velocity Vq and angle a q. The am-
plitude of steady cyclic yaw is but slightly dependent on the flow para-
ineters. On the contrary, the amplitude of lateral displacement of

the hawse-hole is substantially decreased with the increase of the
flow velocity.

The increase in the flow velocity leads, all other things
being equal, to increasing angle & q . In consequence, as is seen
from expression (25), the position of the vessel's equilibrium may
change from being instable in respect of yawing to a stable one,
which will involve complete ceasing of its oscillations due to yawing
and drifting. In the example given the oscillations of the electronic
model of an anchored vessel ceased at a flow velocity exceeding
0. 8 m/sec.

It is obvious from equations (18) that period C of the

oscillations under consideration is mainly dependent on the depth
H at anchorage (Figure 6). At the same time there is a clearly
defined dependence of this period on wind velocity. The latter result,

however, needs to be explained additionally.

In consequence of the ship's motions and wave action the

resistance to drift P ?? 3 and yaw P « 2 "^^st increase much like

the resistance of a ship moving in a seaway, which is not taken into

account by the set of equations (18), Additional resistance to drift

and yaw in a seaway brings about an appreciable reduction in drif-
ting velocity and, consequently, an increase in the period of auto-
oscillations of an anchored vessel, all other things being equal.

Hence, seaways may be considered as the cause of significant weake-
ning of the relationship between the period of yawing oscillations

and the velocity of wind. According to full-scale data, the period of

oscillations due to strong wind slightly differs from that when the

wind force is 3-4 (on Beaufort scale).

10. Ways to eliminate the auto -oscillations of anchored vessels

Solution of equations (18) indicates that the intensity of

auto-oscillations for the given depth at anchorage and wind velocity
may be in direct relation to the extent of instability of the ship's
equilibrium position. This latter is defined by the difference bet-
ween the right-hand sides of inequalities (25) and (2 6). In similar
anchorage conditions the left-hand side of these inequalities is sub-
stantially dependent upon the position of the hawse-hole along the
ship's length. The right-hand side of the inequalities is eventually
characterized by the initial (for /3 = 0) value of the positional
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aerodynamic derivative coefficient (9) :

C^ = C ( ^ + ^ ) , (27)ma 00s
i. e. by the lengthwise position of the centre of sail area. Figure 7

gives an indication of the relationship between the intensity of yawing

and the extent of instability of the ship's equilibrium position. The
intensity of yawing is characterized in this figure by the relative

amplitude & = 5 ^f^, versus the derivative C^a • Here ^m "

dimensional amplitude fo yaw, ^ mo ~ dimensional annplitude of

yaw for the vessel with ^d~ = 5. 0, ^g = 0. 068. The curve of

'^mo 3-gainst the anchorage depth is presented in Figure 8.

Thus the elimination of the wind-induced auto-oscillations

of an anchored vessel may be brought about if stability of its equi-

librium position is ensured. This latter can be ensured, as evidenc-

ed by the analysis of condition (25), by shifting aft both the centre

of sail area and the hawse-hole. This same condition, along with

(26), gives the quantitative value of the required shifting of the

above points.

When the hawse-hole is located near the forward perpen-
dicular, the auto-oscillations of the anchored vessel subjected to

wind may be eliminated at the cost of shifting the centre of sail area
well aft. As angle /3q = corresponds in this case to the ship's

equilibrium position, and the no^ t
^^-^io is rather large, so the

stability of equilibrium position, as follows from inequality (26),

can practically be ensured if the right-hand side of this inequality

is close to zero or negative. This will be the case if

6^ ^ - 0,25 (28)

So considerable a shifting of the centre of sail area, however,
adversely affects the controllability of the vessel in wind.

The shifting of the hawse-hole aft of the forward perpen-

dicular must be greater than that where the ship's equilibrium is

possible with the value of & different from zero. As the angle

/3 increases, the instability of equilibrium position decreases,

and at a certain value of ( y ) Q.r ^^^ position becomes stable,

viz. inequality (2 5) is satisfied. Thus, with
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^ hh , ^ hh . ..
-IT < ^-IT^ Cr (29)

the auto-oscillations of the anchored vessel are elimiinated. Even
so, this conclusion based on the analysis of small perturbation
stability quite satisfactorily characterizes motion in general.

The test results shown in Figure 9 (a) and (b) for an
electronic model of an anchored vessel (^^g = 0. 068, —r— = 5. 0)

give an idea of the effect the longitudinal arrangement of the hawse-
hole has on the intensity of yaw and drift. The dashed lines in the

region of unstable equilibrium represent the curves of yaw ampli-
tudes against abscissa t^hh . During the tests no auto-oscillat-

ions were observed at ( y j
values beyond the left ends of these

curves. The solid lines indicate the /3q and Yj^q parameters
for the ship's equilibrium position. These relationships were cal-

culated from static equilibrium equations (see section 8) ; the

results obtained from equations (18) are illustrated by points on
the solid lines.

It is obvious that the results presented are in good
agreement with the boundary of auto-oscillations region determined
by calculation from formula (2 9). Setting ^7 hh ~ ^ ^°^ ^^^ critic-

al abscissa of the hawse-hole the following formula can be obtained

, ^hh
, 3 ^o

Z. ) cr-T- ^( '^' ^^)- (^«)
o s

a??

In contrast, for eliminating the auto -oscillations of the anchored
vessel by shifting the hawse-hole aft it is desirable that the centre
of aerodynamic pressure (CP) should be shifted forward.

Really, in the position of ship's equilibrium the line of

aerodynamic action coincides with the anchor chain horizontal
projection and passes through the hawse-hole. Hence, no auto-
oscillations are present if the following inequalities are met simul-
taneously :
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where f = abcissa of CP. But
P

Jp ^ Cma_
._ ^ ^ ^ ^ e .\lA) (32)

from which we obtain

^p 4 , ^hh , ^o To'P _

L ' L 2 IT CO
arj

It is evident from relationships (24) , (30) and (32) that

if CP is shifted forward, given the position of the hawse-hole along
the sjhip's length, this will involve an increase of /3 and a reduction
of "" , which will allow satisfaction of the second inequality (31).

So, the farther forward CP is displaced, the less is the necessity
of shifting the Jiawse -hole aft of the stem so as to eliminate the wind-
induced auto-oscillations of the anchored vessel.

The shifting of the anchor hole aft of the stem is equivalent
to springing the vessel as is accepted in maritime practice.

Let us consider the scheme (Figure 10) showing the spring-
ing technique. The lengths of the forward H£ H and after H-^ H
portions of the spring must be chosen so that in the ship's equilibrium
position they will be tensioned. As long as the spring remains ten-

sioned during oscillations, its presence will be equivalent to the

hawse-hole shifting to point Hg^ , and the tension line of the anchor
chain will intersect the centre line plane at point K which is coin-

cident with CP. It is evident that the position of equilibrium will not
be disturbed if a single anchor rope is secured to the vessel at the

point Hgj^ .

As far as research and fishing vessels are concerned for

which lying at anchor at various places of the water area is the basic
condition of operation, it may prove to be convenient that a special
anchor gear be designed so that the point where the anchor chain is

secured to the vessel is shifted aft of the stem when at station. This
point must satisfy the conditions (31). In the case of a fishing vessel
it was found that you need only to locate such a hawse-hole in the
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shaded region (Figure 10) covering the centre of sail area in order
to eliminate yawing of the anchored ship. This region is likely to be

equal for ships which do not differ much in respect of the deck-house
architecture. It is expected that such an anchor gear, if properly

designed, will create favourable conditions for the operation of the

above-mentioned ships.
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Figure 1 System of coordinates for the description

of the anchored ship's motion.
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Figure 5 Development of auto -oscillations of the anchored
vessel (sea depth H = 100 m, wind velocity

^r" = 12 m/sec.)
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Figure 10 Scheme showing the spii-inging system.
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DISCUSSION

J. C. Dern
Bassin d'Essais des Carenes

Paris J Franae

I have been very interested by the paper we just listened to,

for it explains phenomena that I have personnaly encountered during

model tests. I would like to make a few remarks.

In the introduction of the paper, it is said that the mean
reason for the oscillations in the position of an anchored ship is the

instability of her equilibrium position due to the wind. However, it

seems to me that under certain conditions, current and waves may
also create instabilities. For example the instability due to current is

related to the course instability of a towed ship. This instability ap-

pears not only with ships but also with buoys. Tests on a 2 -ton coas-

tal buoy have shown the presence of transverse oscillations when the

current velocitykis less than 4 knots. Beyond 4 knots, however, these

oscillations disfappear.

These results are in agreement with the conclusions of pa-

ragraph 9.

The authors assume that the coupled motions of pitching and

heaving have no influence on the motions in the horizontal plane. How-
ever, in paragraph 9, it is stated that the increase in the period of

the sway of an anchored ship is probably due to waves. It seems to

me that waves may have a great influence on the behaviour of an an-

chored ship. For example, for very long waves, the ship may, under

certain conditions, go up the waves and her hawser or chain may
slacken partially or even completely. In this case, the wave length is

the main parameter though it is not taken into account in the equations

of the paper.

In any case, waves change the conditions of applications of

Liapounov's stability theory since when waves are present, the solu-

tion of the motion equations is an oscillatory solution whose stability

may notably differ from that of the steady solution of the no -wave
case. In some cases, waves may have a stabilizing effect such that

the instability oscillations disappear completely. In the case of the
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coastal buoy, which I mentionned earlier, the sway oscillations to-

tally disappear in I meter waves.

The authors discussed fully the influence of the position of

the centre of pressure of the superstructures on the stability of the

equilibrium position. I would like to know the effect of pre stretching

the chain on the ship oscillations.

REPLY TO DISCUSSION

N. N. Rakhmanin
Kryloff Ship Research Institute

Leningrad, U.S.S.R.

First of all I must thank Dr. Dern for his comments. I

should like to make two remarks about them and to answer them.

When we compare the behaviour of a vessel with a buoy we
must rememiber that the buoy has a small LB ratio, which is about

I. As to the conventional fishing vessel, her length breadth ratio is

about 5 or more. In the Paper there is an indication that this LB
ratio has an influence on the oscillation. To my mind these auto-

oscillations of a conventional vessel and a buoy have a different cha-

racter. The auto-oscillations of a vessel, I described in detail in the

paper, are conn^ected with the quality of a vessel to turn across the

flow, when being the free floating body. Such body has a steady equi-

librium position when it is located across the flow.

_ As to the oscillations which one can observe at a buoy in the

current, to my mind the cause of these oscillations is connected with

another phenomenon. This phenomenon is the vortex separation be-

hind the cylindric body of a buoy. The eddies separate in turn from
the left-hand and the right-hand side of a buoy. As it appears to me
that such character of the vortex separation causes the transverse
periodic forces to excite the buoy oscillations.

Another point concerns the comparison of the results of the

theoretical calculations and that of the experimental data. I must say

that this investigation has been started not from a theoretical consi-

deration but from the full-scale observation of the fishing vessel

1107



Gerassimov. Fershitz and Rakhmanin

behaviour in the sea. The fishermen reported that when they observed

the behaviour of a vessel in windy weather (the yawing angle and the

drifting of the vessel), they were very surprised that the vessel turn-

ed not only beam to the wind direction but even more ; the stern of the

vessel had turned almost towards to the wind.

We checked this behaviour in details and then set the problem
theoretically, I must say that the agreement is good between the

theoretical results and the full-scale data. The main purpose of this

paper was the representation of the theoretical considerations of the

phenomenon.

I certainly agree with Dr. Dern that the presentation of the

results of the comparison between the theoretical and the experimen-
tal data would have been of interest.

I regret that the authors were not able to check the theory

against model tests in order to determine how well their theory is

capable of predicting quantitatively the amplitude of the ship os-

cillations.
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