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ABS TRACT

Ship Wave Resistance - A Survey *

Studies of ship resistance have generated concepts and

me thods of importance for all of fluid mechanics; for example:

the understanding of the origin of fluid- resistance in its

various comp onents; model testing as a science; similitude laws

in testing and analycis; group velocity in dispersive systems;

asymp totic integration; and thin body theory. Here , developments

includ ing the earliest are surveyed and placed in some historical

perspective: Newton (b.  1642 ) to Froude (b. 1810); The Short

• Time of Wm. Froude ( 1867-79); Kelvin , Havelock , and the Far Field;

The Near Field : Michell, Havelock, Guilloton, et al. The
• development and current status of theory are surveyed critically,

conclud ing with: Slow Ship Theory, and Numerical Hydrodynamics.

The growing convergence of recent theoretical predictions and

observations is noted , and particular attention is drawn to the

essential importance in practice of non—linear e f fec ts  on both

wave generation and propagation; the relative neglect in theory

of wave breaking is noted, despite its common occurrence. It is

speculated that useful computational methods for wave resistance

prediction will become available within another decade.

*Presented at the U.S. National Congress on Applied Mechanics,
UCLA , July 1978.
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FOREWORD

The prediction and thorough understanding of the relation

between the shape of a ship and its resistance poses a great

challenge for hyd rodynamics, both theore tical and experimental,
and the published l i terature is large; about 500 citations

appeared in the last  15 years. Naturally a subject of this

Interes t  has earl ier  been surveyed , ei ther in its entirety or

in par t icu la r  aspects .  The recent excellent review by

Wehausen (1973) in Advances in Applied Mechanics comes immedi—

ately to mind . It is expository in style and encyclopedic in

breadth . There is a Soviet  book by Kostyukov (1959). More

recently, the subject  was reviewed again , but in a more piece-.

meal fashion , by various authors in their  contributions to an

“ International  Seminar on Wave Resistance,” held in Tokyo ( 1976),

subsequently reviewed by the present author, Tulin ( 1976).

In the present work I attemp t to evaluate in critical
terms the situation of the subject, and also to put developments,

and especially the earl iest, in some historical perspective,

par t icular ly  as studies of ship resistance have generated re—

suits and concepts of Importance for all of fluid mechanics.

I give as examples: the understanding of the origin of fluid

resistance in Its various components; model testing as a V

science; similitude laws In testing and analysis; group veloc-

ity in dispersive systems; asymptotic Integration; and thin

body theory.

For the most part I will refer to displacement ships in

deep water.

— —~~~- •V ~~~~~~~ —-~~~~~~~— V — —~~ 
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INTRODUCTION

Ships have for a long time been of central importance in

trade and warfare between nations, and it is therefore no wonder
that encouragemen t was early given to the application of sd-

entific knowledge to their construction and operation .

That great court mathematician, Leonhard Euler (b . 1707-

d. 1783), published several treatises on naval architecture

(l71~9, 1773), the lat ter  enti t led “Th~orie Complete de la Con-
s t ruct ion et de la Manoevre des Valsseaux,” subsequently trans—
lated into English in 1776, an uncommon practice at the time.

On the subject of ship re sistance , Euler had th is to say :

“From good Models in Miniature which represent
Ve ssels exactly as they are , very important
Exper iments upon the Res istance of Vessels may
be very usefully made; and which is so much
the more necessary, a s the Theory upon the
Subject is still very defective .”

It happens that this statement is precisely true today,

two hundred years later. Of course, the defect ive theory of-
which Euler spoke is not the same as the defect ive  theory of
today, ours being much more sophisticated — as I shall explain.
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NEWTON (b. 16~2) TO FROUDE (b. 1810)

Euler no doubt alluded to Sir Isaac Newton ’s theory of
fluid resistance based on the notion that resistance resulted

from the impact on the forebody of fluid particles directly in

the body ’s path, leading to a differential equation from which

the solid of least resistance could be calculated. Newton was

specific in his Principia that this forebody of least resistance

‘may be of use in the building of ships. ’ Of course, Euler

understood the defective nature of this idea , for d’Alembert

in 1752 and Euler himself in 1755 had published demonstrations

of what we call today d’Alembert’ s paradox concerning the zero

resistance of bodies in uniform motion, an d Euler  conse quent ly

specifically pointed out to navdl architects of the time that

the whole of the underwater portion of the hull had to be con-

sidered when dealing with resistance problems, and not the

forobody alone. Euler ’s remarks notwithstanding, the history

of naval arc hi tecture has led one observer , Stoot (1959), to
the conc lusion that “the shipbuilding industry believed in the

efficacy of this (Newton ’s) concept right through the eighteenth

century, and it was not finally dismissed until the time of

Froude (circa 1870).”

In the 200-odd years between Newton and Froude, a large
number of individual model tests were carr ied out by a wide

variety of inve stigators, invariably utilizing a towing cable
driven by a falling weight, as in the case of Samuel Fortrey-

1650, and Benjamin Franklin-1768, see Rouse (1976), who stud ied
the effect of water depth on the resistance of a 6 inch model

- V- ~~~~~~~~~~~ --- - - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~
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in a small trough of his own construction. Among the most

elaborate and careful of the earlier studies we re those of

d’ Alembert , the Marquis de Condorcet , and the Abb4 Bossut in

1775, usIng an ornamental pond on the grounds of the Ecole Militaire
in Paris, Figure 1. Their results demonstrated that the re-

sistance of ships increased not exactly as the square of speed,

as thought at the time, but more quickly, and they confirmed
Euler ’s prediction concerning the importance of the stern shape

and Franklin’s earlier demonstrations that decreasing water

depth seemed to increase resistance — a finding we know is too

simplistic. Much more extensive and better instrumented studies

were later carried out by Mark Beaufoy in a large dock of 400

foot length, near London In the p eriod 1791—98. Beaufoy’s tests

included those on friction planks and were highly important in

quantifying the significance of frictional effects for the first
time. Then during the period 1834-1840, John Scott Russell
investigated the resistance of ship s in canals , using both

horsepower and the falling weight system, and In the process

discovered what he termed “the great primary wave of trans-

lation.”

The same J. Scott Russell, in 1870 chairing a meeting of

the (now ) Royal Institute of Naval Architects, an organization

which he had helped to found, and himself the inventor and very
forceful proponent of an erroneous theory of ship resistance

based on his earlier observations of shallow water waves, con-

fessed to designing and testing a ship’s hull based on the

solution of Newton’s equation for solids of least resistance.

Thereupon ensued a discussion from the audience as to the dif-

ficulty of solving these equations.

_ _  _ _  - V V ~~~~~V V V V  - - - - - - - -~~ V VV- ~~~~~~~~ V 
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Ironically, the purpose of the meeting was to discuss the
proposal of William Froude, a retired civil engineer and already

known for his successful analysis of ship rolling. This pro-

posal to the British Admiralty, already approved in the previous

year, asked for the construction and development of a model
basin for the scientific testing of ship models. It was most

vigorously, even testily, opposed by Scott Russell, as he
claimed that his own experiments did not agree with full scale

results. The quiet and earnest Froude replied from the audience:

“I did not come here to make any long explanation to
the meeting to-night. I see that the feeling of the
meeting is ve ry much against experiments with models ,
but I must say that my own experience leads me to
judge quite diffe rent ly.  I think the reason why
experiments with models have h i ther to  been found to
be a failure, and have misled those who have made
them, as to the effect to be expected with regard to
a full-sized ship , is, that attention has not been
paid to the relation which should subsist between
the speed at which the model is moved , and the speed
at which the ship is moved.”

This was Froude ’s thunderbolt.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ .
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THE SHORT TIME OF WM. FROUDE (1867-79)

Isaac Newton had observed in his Principia that the phase

speed of a surface wave varies approximately with the square

root of the wave length, and in 1852 Professor Ferdinand Reech

(b. l805-d. 1880) of the Ecole d’app llcation du G~nie Maritime
in Paris published amongst his lecture notes the law of simil-

itude for gravitat ional e f fec t s  known just i f iably in France as

Reech scaling, and elsewhere as Froude scaling, the law expres-

sing simply the fact that the speed of the model be scaled to

that of the ship so that the ratio of wave length to hull length

be identical in each case , i .e.,  U It. Of course , the law

follows from dimensional considerations alone ignoring the

e ffects of viscosity, surface tension, cavitation and finite
V depth.

It remained for Wm. Froude experimentally to confirm and

utilize this law of similitude, which he had Independently dis-

covered about 1867 in the process of conducting mo del tests In

a pond near his home. He enunciated It very clearly, with cor-

roborative data, in his 1868 proposal to the Admiralty for the

V construction of an enclosed towing tank and model shop. The

proposed budget was 2000&, which Froude lustified by pointing

out “Were It to re sult in beneficially taking 10 feet off the
length of a single Ironclad, the whole outlay would probably be

recouped at once,” see the Papers of Wm . Froude (1955).

A year later, in 1869, the Admiralty accepted the proposal but

on a fixed cost basis, and requiring further that Froude throw

In without additional cost some tests on ship rolling. Froude

L± ±~ ITT~ z1: 
_
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was at this time 59 years old and was to live only another ten
years. He was much aided in his efforts by his son Robert, who

continued them after his death. Froude ’s contributions to the

subject of ship resistance during these ten years have construc-
tively shaped the course of all future work and understanding

and can hardly be overestimated. And it is all subjects bene—

fitting from model tests and from the use of scaling laws, par-

ticularly Aeronautics, which are indebted to Froude, for he
without a doubt and virtually with his own hands established

the tes t ing  of scaled models as a science , and at the same time

introduced into engineering consciousness the practical impor-

tance and proper usage of scaling or similitude laws. Trained

in m a t h e m a t i c s  at Oxford , he was a fine practical engineer and

could conce ive , design, and handicraft by himself the various
refined and accurate equipments necessary for the construction

of models , for their  towing , and for the accurate measurement

and recording of forces on them. He brought model testing in-

doors , replaced the falling weight system with a towing carriage
and rails, introduced the use of models built of hard paraffin

wax, and devised suitable cutting machines for them; his orig-

inal model dynarnometer and recorder were used in Britain until

1950. He also devised a dynamonieter and instituted procedures

for the full scale testing of ships, which he proceeded to

carry out for the comparison of the data with model tests.

In order to succeed In the successful prediction of ship

resistance from model tests, it was not enough to recognize

the law of similitude, and to construct a towing tank with its

diverse equipment, it was further necessary to understand the

L --. -~~~~~~—— — —~~~~~~~~~~~ .
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origin of ship resistance in its various components and the

necessity to scale these components separately. Froude proposed

that the resistance of a ship consists of three items: surface

friction, eddy—resistanc e, and wave resistance. He understood

perfectly the importance of streamlining and of “easy” shapes.

His conception of the eddy-resistance, as incidental to surface

friction, and resulting in a slight unbalancing of perfect

fluid streamlines and pressures exactly corresponds to our

present view of what we call form resistance. The frictional

resistance of the ship hull he related to that of a fine plank

of the same length and area, empirIcally adjusted for effects

of ship roughness, and he understood experimentally that the
friction decreases with increasing length of surface (remember

that Reynolds number scaling had yet to be invented and was
only related to skin friction by Rayleigh in 1900).

Froude described wave resistance In a way impossible to

fault today” “... the ship in its passage along the surface of
the water has to be continually supplying the waste of an atten-

dant system of waves, which, from the nature of their constitu-

tion as independent waves are continually diffusing or trans-

mitting themselves into the surrounding water or, where they

form what Is called broken water, crumbling away Into froth.

Now waves represent energy, or work done; and therefore all the

energy represented by the waves wasted from the system attend-

ing the ship, is so much work done by the propeller... .“ He
described the familiar wave system produced by a ship, as com-

posed of “diverging” and “transverse ” waves, in the following
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way and so introduced the nomenclature used today, “the whole

wavemaking resistance Is the resistance expended in generating

f i r s t  the diverging bow waves, which as we have seen cease to

act on the ship once they have rolled clear of the bow; secondly,

these transverse waves, the crests of which remain in contact with

the ship ’s side, and thirdly the terminal wave, which appears In-

dependent ly at the stern of the ship,” Figures 2 and 3. He demon-

str ated conc Lusively In tests of ship ’s with parallel m iddle body

the role of bow and stern interaction in creating the oscillatory

wave resistance curve characteristic of most ships, and explained

the peak in the wave resistance coefficient which occurs at a

Froude number, Ft (u/ \f~Z) , of about 0.5.

Froude Is best known among naval architects today for his

extrapolation procedure for the estimation of ship resistance

from model tests which begins with a division of the total re-

sistance into two components, which he called frictional and

residuary :

R(Total) = R (Frictional) + R (Residuary)

The first of these, comprising the turbulent skin friction to

be estimated for both model and ship from plank tests and the

second, comprising both eddy-resistance and wave resistance to

be estimated from model tests at the appropriate Froude number.

Many phenomena could conceivably interfere with the proper

functioning of this procedure, Includ ing: Reynolds number

effects on the eddy—resistance; shape effects on the skin

friction; and interference effect of the viscous flow on the
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wave resistance. Furthermore, the residuary resistance Is

determined in the absence of the ship ’s propeller, and is

therefore absent of any effects of the latter on the wave or

eddy resistance. Nor are scale effects on breaking given

account, and here surface tension could be Important.

Suffice it to say, that desp ite the neglect indicated,

Froude ’s method works so well that it is still used today by

all of the world’ s model basins of which I know, and these now

number about 70, there being 30 alone in Japan. The only sig-

nificant change has been the formal recognition that the
fr ict ional resistanc e is a function of Reynolds number, allow-
ing a correlation of plank data utilizing modern formulations

for the fr iction curve, a la von Karman, as carried out in
193k by Karl Schoenherr of the Experimental Model Basin In

Washington (the EMS had been constructed by Adm . David W. Taylor

in 1900).

How much ~f the success of Froude ’ s method is due to a

mutual cancellation of neglected effects? The answer to this

important question is not well understood today, although

scattered results provide quantitative Information about some

of them — shape effects on skin friction, for example, found to
be usually not important.

Model basin experimental techniques have, of course,

advanced continually since Froude ’s time, especially In measure—

ment and recording. In addition, within the last 30 years the

possibility has been practically realized to dissect the ship ’s

resistance through wave probe measurements (to which I return
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later) and through momentum wake surveys. A transverse wake

survey at a short distance behind a ship allows the experimental

determination of the total viscous resistance, friction and
form, Tulin (1951), just as in the aerodynamics case, Betz (1925).
The te chnique has been utilized, f i rs t  by Jin Wu (1962) and his

colleagues, and lately in an increasing number of cases. The

method could conceivab ly be used as the basis for a new extrapo—

lation procedure. However, its real importance is to dissect

the dynamometer resistance and more definitely assign its origin .

This use of the wake survey is exemplified In its highly success- Iful application by the Japanese Bab a ( 1969), who showe d con-

clusively that the anomolous low spee d residuary res istance of
full ships (like tankers)  was not due to wavemaking as previously V

believed , but to wave breaking around the bow region of the ship,

Figure k ;  his work was extended by Townsin ( 1972).

The wake survey technique, both the measurement of total

viscous resistance and of the detailed flow pattern ~~Vfl the wake,

will certainly find increas ing use , for hull Improvement , screw

and appendage design, as well as for research.

The viscous flow around the ship is of vital concern to

the appendage and propeller designer , who must p roduce designs

to work in the highly non-homogeneous wake at the stern , to pro-

vide design thrust and rudder forces and at the same time minimize

noise and vibrations, which can sometimes be severe. However,
it seems clear that the central issue for ship resistance re—

search is the estimation and reduction of wave and breaking

resistance, The reason for this is that frictional resistance

- • _ -p - -
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is much more predictable for the designer than are wave and

breaking resistance.
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KELVIN, HAVELOCK, AND THE FAR FIELD

The story of wave resistance theory begins In the time of

Wm. Froude, who knew some important mathematicians of his day

and seems to have had a marked and stimulating effect on their

work on waterwaves. In 1873, three years prior to his first

published work on group velocity, Wrn . Stokes rece ived a letter
from Froude describ ing tank observations in precise and pro—

vocat ive terms. He wrote of a group of waves, how the group as
a whole advances with a less velocity than that of the waves

composing it, wave crests advancing through the group in its

motion and appearing to die away at the front while new ones

were formed at the rear (quoted by Havelock, 193k). And doubt-

less, his early observations of ship wave patt erns, supp lemented
by those of his son Robert, stimulate d the import ant theoret ical
account first given by Wm. Thomson, Lor d Kelvin, (1887) of the
waves produced by a pressure point. The Froudes and Thomson

were friends; Froude acknowle dges his debt to Thomson no t only
for explanations of hydrodynamic phenomena but also in the de-

sign of simple mac hines for the model basin, a task in which
Thomson was said to be “most acute .”

Kelvin ’s wave pattern as well as the phenomena of group

velocity which underlies its construction, are of central im—

port ance for the subject of ship waves. Not only does the
kinematic pat tern  reproduce many of the generally observed fea-

tures of the wave patterns about real ships, but as generalized

by Havelock (1934), it prov ides a descript ion of the far  field ,
which would seem to be asymptotically exact, Figures 5 and 6.
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FIGURE 5 - WAVE PATTERN (ISOPHASAL CURVES),
KELVIN (1887)
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Kelvin’s pattern was calculated explicitly by him for a

pressure point using his method of asymptotic integration, which

he had invented for such purposes. The pattern possesses some

remarkable features:

(a) Two waves with crest angles and exist

at each point within and only within an angle

to the direction of motion, 
~~ 

= 19°28 ’ .

(b) These crest angles depend only upon the angle

c” )  Excep ting a small neighborhood of 
~~~~~~~ 

the
amplitude, A, of the wave crests at any angle

~ depend only on r, the radial distance from

the pressure point; i.e., A (/3,r) = f(r) . a(O).

(d) The crest angles coincide at ~ = whe re —

e(~~) = 35°l6 ’, while ed > 35°l6’ and < 35°l6 ’ .

( e )  Simp le energy considerations lead to the con—

elusion that f(r) = r 2.

Near the caustic at in a boundary layer which grows

as rV3, Ursell (l96oa), the wave amplitude decays only as r~~~
’3

as shown by Havelock (1908). All of these conclusions, except-
ing the c:~ istic behavior, may be derived by application of

Huyghen ’s principle and the principle of group velocity, spe-
cific to the appropriate dispersion relation (deep water,

shallow water , e t c . ) .  The application of the first of these
is tant~~~~~nt , in the case of uniform speed , U, of the dis—

turbance , to the requirement that each wave componen t appears

V 
~~~~~~~~~~~~~ ~~~~~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ _ _ _  ~ V_V~ V~~VV _
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stationary when viewed in the frame of reference of the dis-

turbance, i.e., C h 
= U cos e. Thus the waves (0 < 8 < ir/2)

create d at time t0 would in a naive view appear later on the
circ le C0, whereas interference phenomena due to wave dispersion
result in the wave fronts appearing on the circle C1, dependent
on the magnitude Cgroup = dw/d~ . In the case of deep water,

= ~c1~ 
the cas e shown in Figure 7 . This construction leads

immediately to the caictilation for the angle of the caustic,

and e(~~ ) .  Further, it is easy to see that for any point on

< two and only two circles c1 (t0) and c1(t1) intersect,
representing the fronts for waves originating at two different

time s, and lead ing to the transverse wave s [c 1 (t0)] which were
born longer in the past , and the younger divergent waves

1c1 (t1)].

This simple method of calculation was not used early, as
far as I know, but was given by Lighthill (1956) and has been

applied independently in essentially the same way by —

Stoker (1957) to the case not only of uniform, but non-uniform
motion. It may also be applied to show the profound effect of

water depth on the kinematical wave pattern, a phenomenon first

described experimentally by Marrine r (1905), Figure 8, and V

theore t ica l ly by Havelock ( 1908), corrected by Inui (1934). Thomas

Havelock ’s work, including a treatment of the caustic, was the very
f i r s t  of abou t 50 important  papers on ship waves which he contri-

buted over a period of 50 years, during which he came close to dom-

inating the subject. His works are collected (1963).

Kelvin ’s calculation refers specifically to a vertical

force applied to the water surface at a point, a singularity

V V V V~~~~~~~~~ V V ~~~~~ V
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WAV E FORMATION ABOVE CRITICAL SPEED

WAV E FORMATION AT CRITICAL SPEED

/ /
/

I

WAVE FORMATIO N BELOW CRITICAL S PEED

FIGURE 8 - THE EFFECT OF WATER DEPTH ON WAVE PATTERNS
— FROM : MARRINER (1905)
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much later recognized by Havelock (1934) to correspond as well

to a submerged horizontal doublet when brought to the water

surface. In this case:

a(e) = (const) sec4 9

In the case of a ho r i zon ta l  di pole equ iva l en t  in unbounded flow

to i sphe re of radius r , submerged in water  of depth f, and
moving with speed U, Havelock (1934) showed that:

3 — K f  sec 2 9a(9) = 2~c2r sec4 9 e

-is shown in Figure 9 . ( ~ = g/U2, Is the fundamental wave

number). Notice the profound effect of submergence on the wave

spactra , a fact of great importance for ship theory .

In the same pa per , written almost 50 years after Kelvin ’s

first work, Havelock pointed out that every far field wave

pattern (here Havelock never referred to the far field, pre-

ferr ing to speak of “free ” wave patterns) could be represented

in the case of deep water by a continuous spectrum of planar

waves , stat ionary in the Huyghen ’s sense, leading to an expres-
sion for the surface elevation , (:

c 
f 

[s(e) sin + c(e) cosi ( K  sec3(x cos 9 + y sin e))de

-rr/2

where the spectrum function, a(e), which I have introduced
ear lier, equals 

V
f S2 (e )  + c2(e). Havelock further recalled

- - V  - - V - - - --___
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FROM : HAVELOCK (193L1)



V -V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ V V  ~~~~~~~~~~~~

HYDR0NVAUTICS~ Incorporated

-26-.

that the energy carried by the waves less the work done by them

on the fluid ahead was equal to the product of ship resistance

and speed, and he proceeded to calculate the net energy radi-

ated in a general wave spectrum . He obtained the result:

ir/2

Res istance = ~ pU2 a2 ( 8 )  cos3 ( e ) d e

showing how the contribution of the transverse waves (smaller e)
is heavily weighted.

Upon discovering this relation, Havelock commented , “It is
rather curious that this met hod has not been use d for ob taining
the wave ~‘esistance from the wave pattern produced by ordinary
ship forms.” He referre d, in fact , to the theoret ical calcula-
t ion of res istance, but the remark applies as well to its ex-
perimental  determination through spectral measurements, a pos-
sibility which remained unrecognized until the mid 1950’s when

Korvln-Krokouvsky of the Stevens Institute urged it upon his col-

leagues. The task was first accomplished using wave probes in a

towing tank by Ward (1964). See Eggers , Sharma, and Ward (1967).
The method commonly used today Involves a longitudinal sampling

of the waves along a track transverse to the ship in its motion,

at a sufficient distance abeam to avoid the effects of the

local flow field, but close enough hopefully to obviate impor-

tant effects of the tank walls. The oscillatory record so

obtained is, in essence, Fourier analyzed to yield the spectrum

a(g), taking Into account the finite sampling time, and if

necessary the presence of the reflecting walls of the tank,

V FIgure 10.
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SH WAVE PATTERN
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WAVE ANALYSIS , TO OBTAIN AMPLITUDE SPECTRUM, a (9)
AFTER NEWMAN ( 1963 )

FIGURE 10 - WAVE PROBE TECHNIQUE
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The analysis theory often used is due to N. Newman (1963). The

technique has been very successfully and ingeniously utilized

by Japanese workers, especially of the Inul school, who well
app reciate that a knowledge of the wave spectra offers invalu-

able information about the source of the waves and through a

comparison with theoretical spectra offers powerful means of

revealing the exact shortcomings of the theory, setting the
way for its improvement. As ment ione d earl ier, I bel ieve that
the technique should be more widely used and could in time be-

come part of a stan dar d proce dure in towing t anks for the dis-
section of ship resistance and its improvement through hull

change . In doing so it must be remembered that in the near

field of the ship, wave breaking and non-linear Interactions

(espec ially of the wave-current variety) can transform wave

energy, thus affect ing the far  field spectra an d the mea surement
of resistance; i.e., the prob e measures only the , wave resistance

due to the rad iat ion in the far  f ield, which may not be the
same in the real situation as the wave resistance on the hull.

Experience shows that the latter is often larger.

Theoretical and wave probe spectra for a typical ship’s

bow followed by an infinite parallel body are shown in Figure 11,

taken from Inui and Kajitani (1976). Note the relative transfer

of energy from the lowest toward moderate values of n for the

real spectra in comparison with the theoretical, an effect

called “sheltering”, and the loss of energy at the high 9 end.

We shall comment further on these features later.

Two pressure points when separated in either the stream—
wise or transverse direction will have amplitude spectra with

~
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MEASURED
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FIGURE 11 - COMPARISON OF MEASURED (ANALYZED ) AND
CALCULATED (LINEAR THEORY) AMPLITUDE
SPECTRA J a (9 ), FOR A SHIP’S BOW ALONE.
FROM : INU I AND KAJITAN I (1976)
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FIGURE 12 - AMPLITUDE SPECTRA FOR A TWIN SCREW
CONTAINER SHIP. (L = MODEL LENGTH,
V = PROBE DIST. ABEAM)
FROM : YOKOO AND TANAKA (1976)

V --~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



V ~~~~~~~~~~~~~~~~~~~ 
-

~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~ V V~~~ V V V V ~~~~~~
__

~~

HYDRONAUTICS, Incorporated

-30-

osc illat ions, in col.trast to the dipole spectra or the ship ’s

bow spectrum shown above. These oscillations beginning in the
diverging wave portion of the spectrum for small values of the

non-dimensional spacing KS , spread to the transverse wave portion

for sufficiently large spacings, Figure 12, where they are re sponsible
for the oscillatory nature of the mea sure d res istance curve s of
ships for K ~t > 4 (i.e., F~ < ~) ,  and are therefore a manifestation

of the inter fe rence  be tween th e bow and stern flow s f irst  e lucidate d
by Froude.

The quant i t at ive exp lanat ion of ship wave resistance curves
in terms of the interference be tween synthetic p lanar surface
pressure distributions representing the disturbances due to

prom inen t f eature s of the ship ’s hull, was pursue d by Thomas
Havelock in a long series of works between 1909 and 1921. Al—

though explaining the important features of resistance curves,

his approach, lacking account of the diverging waves and/or of

the exact correspondence between surface pressures and hull

shapes is finally semi-empirical.

The relative contribution to resistance from divergent and

transverse waves may be calculated by dividing the integral

over e into two appropriate parts. Such calculations show that

the divergent  wave resistance increases at high Froude numbers

and becomes dominant, see Figure 13.

The spectral superposition of individual waves and the use

of their linear dispersion relations, as by Kelvin and Havelock,

supposes in fact not only that the waves are small, but that so

are the non-wave disturbances caused by the disturbing body or

1
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ship, hereinafter called the current field. Because of the

decay of the wave amp litude with di stance aft , and supposing
that the current field decays, too, then the far field may cer-
ta inly be represen ted by the Havelock spectrum, which has, too,
all the kinematic characteristics of the Kelvin pattern. In

the near field, however, non-linear effects (such as wave-hull,
wave—current, and wave—wave, including breaking, interactions)

may, in general, be expecte d, and must be evaluated. The cal—

culation of the near field is the central remaining problem for

theory .

— ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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THE NEAR FIELD : MI CHELL, HAVELOCK , GUILLOTON, ET AL.

It is surprising how close to the ship a Kelvin—like pattern

does establish itself, albeit with detectable distortion and wave

bre :-iking, see the Frontispiece. The caustics develop a slight con—

cavity near the ship so that their effective origin is shifted for—

ward about a half—beam. This distortion has been partially explained

by Inui and Kajitani (1976) in terms of the diffraction of the wave

pattern by the current field , ala Ursell (1960b). Further, the ob-

served effect would seem at least related to that arising in the

Second order thin ship theory of Dagan (1975). In that theory, co-

ordinate straining results in a forward shift of the first order

hull singularities by a distance proportional to the beam .

The marked wave breaking invariably present around ships is

probably often due to excessive wave slopes of the spectral

comp onents which are heavily weighted toward the dive rging

waves (which appear closer to the ship ’s track), and of the
V caustic waves. In the case of waves gener ate d at sea by wind,

Phillips (1958) showed that each spectral comp onent has the

same slope, limited by wave breaking . A ship wave spectrum of
the same char acter ist ic would have the form :

1
r 2 a(9) = (st)* . cos2 e

where the limiting wave slope, (s~,)*, is 0(10-1). The rapid

decay of this spectrum ne ar 9 = -rr/2 is in contrast with

linear theoret ical pre d ict ions for sh ip forms , but is very
suggestive of wave probe observations; these characteristically
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show a vertical cut-off of the spectrum for angles greater than 750
,

Figures 11 and 12. This cut—off effect is ce r ta in ly  in concurrence ,
too, with observations at sea which quite generally show a re-
gion of b roken water cent ere d about the ship ’s hull an d t rac~ ,1
as well as near the caustic . As the slopes decay aft like r

these breaking regions are of finite extent. Near the caustics,

breaking is of ;en prolonged , as the wave ampl itudes are enhance d
and the decay, like r *, slower.

For ship s of fuller form, as bulk carriers and barges,

heavy breaking occurs forward of the bow, sometimes causing serious

res istance , Figure 14. Its cause is still problematical. Bow

wave breaking could conceivably be due to instability of the

free surface, Daga~ an d Tu lin ( 19 6 9 ) ;  to short wave steepening,

Baba (1975); or to n on - e xi s t eV l c e  of the potential flow near the

bow, Vanden Broeck and Tuck (1977). In the latter important

work, devoted to the computation of the two-dimensional flow

approaching or leaving a blunt box-like shape, it is concluded

th at “no continuous wave-free solution of the bow-flow problem

exists;” instead a solution with a discontinuity in water height

ahead of the bow is found.

Whatever the cause of wave breaking, and it is important
V to know, we shall not be able to calculate the breaking resis-

tance of a tanker without at the least imbedding a model of

wave b reaking into the flow, akin to a re-entrant jet or spiral
vortex, or something like that, as suggested by Tulin (1970),

Figure 15, Dagan and Tulin ( 1970 ,72 ) ,  and Vanden Broeck and

Tuck (1977). The same remark applies even to slender ships or
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SMALL FrT FLOW
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THE JET MODEL 

THE SPIRAL VORTEX MODEL

FIGURE 15 - THREE MODELS OF TWO-DIMENSIONAL
FLOWS PAST BLUNT BODIES , FROM:
TULIN (1970)
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planing craft at sufficiently high Froude number, when wave

energy is lost in spray, Tulin (1957). Nevertheless, all of
the theor et ical developm ents descr ibed in the subsequent sec-
tions ignore real fluid and breaking wave effects.

A t the stern , fr ict ional phenomena and the action of the
ships screw esp ecially in fluence the flow, resulting in a
frictional wake flowing aft with decreasing intensity

but increasing width . Its interaction with the waves

in the near field, negle c te d with gen eral succes s in the Froude
p roce dure , is not yet  quant ita t ively understood . While not

pre -judging the importance of wave-wake interaction, I would
point out that the importance of the ship ’s screw in th inn ing
the stern boundary layer , in alleviat ing the ten dency toward
separation , and in returning the wake to an almost momentless

con di t ion must cer ta inly be taken into acc ount in any future
studies of the subject.

It is in th is phys ical context , surrounded by broken water
and a turbulent wake, that  the ship ’s hull in its mot ion gives
rise to the wave field. The hope for theore t ical solution has
in the past centered about neglect of real fluid effects, lead-

ing to a potent ial problem with non-linear mixed boundary con-
dit ion s, expressing the constancy of pressure , on the unknown
free surface , and the usual Neumann (normal gradient of the

potential specified) condition on the ship ’s hull. It is a

t r ibute to Optimism that so many theorists have attempted the
solution while every observation of a ship und erway reveals broken

water, often in profusion, Figure 16. I offer it as a serious

problem to mathematicians with a taste for existence proofs to
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demonstrate under what conditions, if at all, an exact solution

to the usually stated problem exists for a ship-like body. Of
course , no solutions are now known.

A typ ical ship ir~ deep water may be characterized by its
three principal dimensions: beam (B), draft (D), and length (it);

while the operating speed is characterized by the length, X, of
the fundamental wave, or the wave number K , where X = 2ir Ic ’-

( K  = g/U2). Typical ship dimensions are shown in Figure 17

and below:

RANGE “NORMAL”

F~ 
= ( x 

~~ 
0.1 — 0.5 0.25

FD 
= (x D ) ~~ 0.5-3.0 1.0

BID 2 - 4  2.5

5 - 1 0  7

( NORMAL: ~~ ,... 17; ‘D 1; ~B 2.5)

Do these dimensions strongly suggest any particular general

approximation based on a small parameter expansion in one of’

the dimensions? Four major asymptotic theories have been pro-

posed and/or developed to one degree or another:

- - ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ - ~~
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NEAR FIELD ASYMPTOTIC THEORIES

• TH IN SHIP B <<  D, DEVELOPED TO 2nd ORDER

• SLENDER SHIP B ~ D < <t , ,
1 DISCARDED IN FAVOR OF

THIN SHIP

• FLAT SHIP D <<B , ~~, PA RTIALLY DEVELOPED.
INADEQUAC IC-S

• SLOW SHIP K
1 << B, D, ~ UNDER DEVELOPMENT

Of these the ex isting slende r and flat ship theories sup— V

pose that the ship is place d immed iately at the free surface ,
and therefore requiring (KD) << 1; this requirement is especially

important in view of the extreme sensitivity of wave spectra to

the singularity dep th, as we have seen, Figure 9 . And since,

in normal pract ice, (KD) 1, the slender and flat approxima-

tions simply cannot succeed.

Thin ship theory was historically the first to approxi-

mate resistance curves of the general form observed. The theory
including effects of finite water dep th, was presented as a tour

de force by the Australian, J. H. Ivlichell, entitled “The Wave—

Resistance of a Ship,” published in the Philosophical Magazine
in 1898. The boldness and ingenuity of Michell’s solution is

remarkable, and went twenty years beyond the state of art of

the time. It refers specifically to a ship of’ small beam in
comparison to other length scales. It thus represents the first

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - V -- __ _~~~V V
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thin body theory in the history of fluid dynamics. It had an

ove rwhelming effect on the field once it was recognized by
Havelock in 1921, twenty-three years after its publication .

The vast literature of application is well reviewed by Wehausen

(1973). Its central result is an integral for the wave resis-

tance in terms of the hull shape , which converges for shapes of

practical interest. Fortunately, too, for usual wedge—shaped
bows the theory predicts a finite wave height peaking just aft

of the bow In the way generally observe d, free of stagnation.

The ~-1ichel1 theory, however , appropriate as it has been shown
to be for a plank-like form of B/.t. = (.05- .075) at sufficient

speeds (F~, > 0.2), is according to exper iments s imply inadequate
to predict accurately ship resistance of normal ships at usual
Froude number s, as carefully shown by Wehausen (1973). Nor have
v arious ad-hoc attempts to render it useful via empirical cor-

rect s for vi scous ef fects , sheltering effects, or others, been
successful. Michell’s theory predicts a resistance curve with

more accentuated humps and hollows than observed and the pre-

dicted transverse waves at the stern of the ship and in its

track are larger than observed; an effect called sheltering,

which we have already obse rved in a comparison of experimental

and theoretical amplitude spectra. Furthe rmore , the pred icted

bow wave peak is shifted aft of that observed.

In the thin ship approximation, the non-linear pressure

condition on the exact free surface is satisfied instead on the

horizontal undisturbed water surface in its linearized or

Poisson form: ep ÷ Kep = 0, while the Neuman conditions onxx y
the hull are satisfied as projected on the vertical center plane,

— ~~~~~~~ V - -~~~ -~r. _ ‘
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and then only In recognition of the stroamw ise slope of the
t ransver se ord inate of the hull surface, Figure 18. As a re-

sult, the Michell boundary conditions are unaffected to first

order by p itch of the ship ’s hull, contrary to experiments.

- ichell solved his problem by a method close to Fourier inte-

grals. It Is perhap s more physically descriptive to consider

the ~;olution as given by source—like singularities (i.e.,

Green ’s functions) distributed on the center plane with strengths

proportional to the aforementioned hull slope, and independent

of Froude number. The Green ’s functions satisfy the Poisson

free surface condition and have wave-like properties in the far

field , icading to resistance. The ~iche11 solution may, altern-

atively, be thought of as the consequence of a superDosition of

the double—model flow (FL 0) plus a continuous distribution of

Kelvin sources over the whole horizontal waterplane whose
strength equals exactly the linearized pressures caused there

by the double model . This mathematical concep t ion was fore-

shadowed by Wm. Froude ’s description of wave-making physics in

1875. He suggested first to consider the ship as traveling
under a sheet of rigid ice (the double model ) and went on: “If,
now, we remove the ice, the fluid will obviously rise in level
at each end, so that exc ess of hyd rost atic head may affor d the
necessary reaction against the excess of pressure; and the

fluid will sink by the sides, etc.... The hills and valleys
thus formed in the water are, in a sense , waves; and, though
originating in the streamline forces of the body, yet when

originated, they come under the dominion of the ordinary laws

of wave motion and, to a large extent, behave as independent

waves.”
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The double model conception was not utilized or discussed

by Michell himself but first by Horace Lamb (1913) who proposed

an approximate solution to the two-dimensional flow past a sub-

merged circular cylinder, in which the latter is replaced by a
horizontal dipole of the same strength as pertains in the case

of unbounded flow, plus its positive image reflected above the

free surface , and superimposed on the free surface a distribution
of pressure sources sufficient to satisfy the Poisson condition

there, thereby cancelling the pressure due to the dipole. This

solution is asymptotically correct in the limit when the depth

of subme rgence become s unbounded while the cylinder radius and
wave number, K , remain fixed. Subsequently the same type of
solution, ob tained in analogous fashion, was presented by Have-
lock for submerged spheroids and ellipsoids. In the former case

he showed his result to be closely similar, for slender bodies,
to that obtained by application of Michell’s theory, thus fore-

shadowing a result to be re—discove red much later in connection

with slender body theory, Havelock (1923).

In the case of a circular cylinder, Havelock went on to add

to the submerged dipole and its positive image, the re flections
in the cylinder of the free surface image system which he had first

described (equivalent in effect to the surface pressure singu-

larities but located above the free surface at a distance equal

to the submergence). This solution leaves the cylinder a stream—

line even while approaching the free surface. The resulting

flow however, while satisfying the body boundary conditions ex-

actly, do not satisfy those on the free surface beyond first order,

and comprise therefore an inconsistent approximation, Havelock (1927).

-p -
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Havelock (1928) presented for the first time, 30 years

after Michell, the explicit form of the source Green ’s function

satisfying the Poisson condition. In a later work (1932) he

referred, albeit without enthusiasm, to two specific possibilities

for going beyond the thin ship approximation of the hull boundary

condi tions, while retaining the Poisson condition. These were :

a) to compose the solution of Flavelock singularities, but with

strengths appropriate to zero Froude number, and b) actually to
determine the Havelock singularity distribution on the hull of

the ship by satisfying the Neumann hull condition exactly, but
the free surface condition only in its Poisson form. It remained

for the Russian Kochin (1936) to present the appropriate integral

equation in the latter case. This theory, once forgotten, has

V 
been re-invented in the last ten years , Brard (1972) for example,

and for some reason tagged the Neumann-Kelvin (or NK) problem

(Havelock-Koch in, or Neumann-Poisson would seem more logical).

By whatever name, these problems posed by Havelock lead to in—

consistent solutions, i.e., they are neither of first nor second
order.

Do solutions based on the Poisson condition have any chance

of success for real ships? I believe the chance is very small,

since a variety of specific second—order calculations, Tuck

(1965), Salvesen (1969), and Dagan (1973a), show that non-linear

effects on the free surface, particularly phase shifts in the
waves due to wave-current interaction, are just as and sometimes

more important than non-linear effects on the body. These phase
shift effects become more serious as the wave number increases

(slowe r speeds), the body being fixed, and most ships do operate

1-
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at relatively low speeds. This situation has been analyzed in

a series of papers by the Israeli Gideon Dagan starting about

1971. In part icular, he concluded , Dagan (1972b), that the flow

following from the Poisson free surface condition represents

the first term in an expansion which is divergent for suffici-

ently low speeds, for fixed hull slenderness. The final V

canclusion regarding the range of validity of the NK theory

awaits a serious comparison of calculated results and towing

tests. Such a test has already been made of the double-model

theory [Havelock’ s suggestion a) above ] by Inui and Kajitani

(1976). They have shown that the calculated resistance of ship

hulls based on streamline tracing of artful Rankine singularity

di~ tribution s (called Pienoids after P. Pien of the David Taylor

yodel Basin) do not adequately agree with measurements.

What then is the status of the consistent second order

expansion of the thin ship? The fthell theory was formally

recognized as the first order term in a small parameter expan—

sion in B/is by Peters and Stoke r (1954), Stoker (1957), who
stressed that in going beyond Michell ~it would be necessary to

deal with the full non—linear problem , and make sure that all

of the essential correction terms of a given order were obtained.”

Th~ statement of the problem as a regular expansion was subse—

quently given by Sizov (1961) incorrectly, Wehausen (1963),

Eggers (1966), and Maruo (1966), all in different form. The ir

connection has been shown by Kitazawa and Takagi (1976). All

of these statements include surface integrals with kernels

representing dipoles as well as sources , plus line integrals
about the ship ’s waterline arid, in the case of a flat bo ttome d 

- - - -- -V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~



_ _ _  -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ -VV~~__-V~~V ~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~

HYDRONAUTICS, Incorporated

-4 8-

ship , the bottom—side intersection. However, an equivalent

form in terms of surface integrals only, given by Dagan and
Noblesse (1975), calls for a distribution of Havelock sources
(:~nly) ~n the undisturbed free surface as well as on the vert ical
cente-’-ai~ane, their strengths depending on the solution of the
first or~1er problem. One of the import ant second orde r effects
seems to arise from the waviness of the free surface inter-

action with the wetted hull. Utilizing the line integral

representation of this phenomenon, the Japanese Bessho (1976)

has shown analytically that it corresponds exactly to the effect
which would result should the hull be amputated immediately

V 

beneath the undisturbed waterline, and the flow be required to

be horizontal along the then-flooded deck. This amazing result

would seem to cause an inhibition of vertical motion near the

ship ’s wat erline in comparison to the first order p redict ion,
a sheltering effect akin in nature to that observed, and would

seem to provide a partial success for this second order theory .

The regular expansion theory as developed by Sizov ,
We hausen, et al., has several weaknesses. Its solution converges
non—un iformly in three aspects: 1) at singularities

like the bow, stern and sharp shoulders where important waves

originate and interact; 2) in the low speed limit ( K  —. 

~); and,
there is reason to believe, 3) in the amplitude spectra as
O-.ir/2, Dagan (1976).

It is well known that non-uniform solutions may be rendered

uniform through co-ordinate transformations. Such tr~ nsforma-

tions should obviate the necessity to expand the ~e1ution away

from the surface on which the boundary conditions are expressed 
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and to render that surface planar. In two—dimensional hydro-.

dynamic problems such a technique utilizes the complex potential
(
~

, 
~) rather than the physical (x, y) space, as in higher order

cavity flow theory, Tulin (1963). In three dimensions, however,

the field equation is not generally invariant even under ortho-

gonal transformations, as noted by Yim (1968), who attemp ted

the first such application to ship problems . His work was

followed by Wehausen (1969) and Noblesse (1975) and Dagan (1975).

The se te chniques lead to systemat ic p roc edures for determining
the distribution of sources along the centerplane of the ship

which generate a flow satisfying both the free-surface and body

boundary conditions at second order. They neverthe less repre-
sent only first order solutions of the field equation, and are
there fore inconsistent. Since the computations required to

gea-crate these inconsistent flows are, in fact, essent ially the
s~ rne as involved with Michell’s theory, the technique has been
to a certain extent evaluated experimentally . But therein lies

a story .

In 1939, R. Guilloton pre sent ed a doctoral thesis at the
:~orbonne proposing an application of Michell’s theory involving
two alterations: i) he composed the ship of a finite distri-

bution of wedges with finite draft and infinite length, and

ii) he identified the location of the wedge by a transformation

based on the first order solution. The first of these alter-

at ions effects not at all the thin ship nature of the solution,
but was designed to ease computations. In that pre-computer

age, It was this alteration to which most attention was drawn.
M. Guilloton, who subsequently pursued his study of ship waves 

__V V~~~~~ V~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ V
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MICHELL
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solely as an avocation, descr ibed his ideas in a series of
papers in the period 1939-64, and in the last of these he
suggeste d that his transformat ion tec hnique resulted in boundary
conditions being satisfied to second order on both body and free

surface. This was proved by both Noblesse (1975 ) and Dagan

(1975), whose own separate transformations are different but

closely similar to that of Guilloton. The latter has been

tested by Emerson (1967), Gadd (1973), and Standing (1974).

The result s of Emerson and Gadd are cert ainly very encouraging
for ships of moderate prismatic , see Gadd’ s result, Figure 19,

but in the simple case of fine wedge bows, (5~ and 10
0 
half

angles), tested by Standing, the Guilloton method resulted in

a worsened prediction (too low) of the bow wave amplitude than

given by linear theory (too high); it did cause a forward shift
of the wave pattern, but of insufficient magnitude.

This latter circumstance focuses attention on Dagan (1973a , 1975),

who bo rrowe d on Lighthill and van Dyke , for unlike all the other
methods mentioned , whe re straining only begins from the bow, he
strained the flow from upstream infinity . This results in a

forward virtual disp lacement of the bow singular ities of
0[B/~, 

- 

~ (XL)] for a wedge bow, therefore increasing with K,

as suggested in the discrepancy be tween Stand ing’s data and
Guilloton . In addition , this straining renders the solution

uniform at the physical bow, and at the same time imbeds the
speed dependent phase shift of the waves Inside the wave form

itself, rather than in the form of a supplementary wave appear-
ing as an expan sion term. This technique Is illustrated sche-

matically In the case of’ the resistance curve , Figure 20. Dagan
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claims that  h is technique can render the solution uniform with
decreasing speed , unlike the regular expansion solutions. In

the latter case, for  sh ips with wedge shaped bows he found for

the free wave potent ial:

(~~t)’~

_ 

(
~~~~~~~~)- 1  (

~~
)
~~]

so tha t the solut ion d iverges  as the speed vanishes , the ship ’s

geometry f ixed.  For tuna te ly,  the wed~ e bow non-uniformity is

weak. Da~ ao e~ phasioed , howe ve r , tha t  the  b eh av i o r  of the

second order expansion , and therefore the nature of the non-

un i f o r m i t y ,  d ep end s  on the bow shape.  He did not p resent  re-

su l t s  for  o ther  bow sh apes  in the shi p case  (most  shi ps do have

wedge shaped bows), but he d i d  anal yze -
~ number of two—dimensional

problems. Here the slender body is completely subme rged. The

results , as shown in the Table below , are worth ponder ing:
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What hope, finally, is there then that second order calcu-

lat ions whe ther  based on regular  expansions,  Da~ an s tr a in ing ,

Gui l lo ton,  or othe r scheme s proposed by Noblesse and Dar an (and

not discussed he r e ) ,  to mi t iga te  the inconsis tent  nature of
Guil loton , wil l  eventua l ly  work for  normal  ship s? Answers:

o The asymptot ic  s tudy of Dagan teaches  that

normal Froude number s and for we dge ends, the
second order theory may possibly be applicable .

o The chance of success at lower speeds especially,

will be enhanced by Dagan straining, (i.e., Froude
number s h i f t i n g ) .

o For parabolic ends, or worse , the chance of
success is doubtful, and the more so as these
shapes are more likely to be used at  lower speeds

and to involve serious wave breaking .

C l ear l y ,  a ve ry thought fu l  and systemat ic  evaluation,

varyins (Bi) and (B/t), embodying the best of second order

th ’~ory, carefu l computations , and the best of experimental

tec ni~jne s, both near and far field wave measurer;:ents would be

re ju i rV d at t hi s  time , in order to answer this important
question.

V ~~~~~~~~~~~~~~~~~~~~~~ 
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“ESSO ATLANTIC ”
AT - A - GLANCE

Length , OA , m 406.6
Beam ,molded,m 71.0
Depth , mo lded , m 31.2

4 Dra ft , full load , m 25.0
Dead wei ght tonnage 508 ,731

I - .  I Gross tonnage 234 ,627
I Shaft horsepower 45,000(1,”

~ 
~~~

‘ Service speed , k nots 

- 

16

! II

i - . ‘ ~~~~~~~~ ~~~ 
It,,,

-

.

~~~~~~~ 
WV.j

FIGURE 21 - A SLOWJ FULL-BODIED SHIP
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SLOW SHIP THEORY

Well, if the thin ship theory is hampered by low speed ef-

fects , why not try slow ship theory,  whatever that  is? A slow

ship is shown as Figure 21.

It is, first of all, possible to pose a regular expansion

in Froude number , somet imes termed the “naive ” F expansion as it

doe s not lead to wave s , as shown by Ogilvie ( 1968) in the two—

dimensional case. As if that were not trouble enough, It has
recently been shown that the two-dimensional naive F expansion

has a zero radius of convergence , Vanden Broeck, Schwartz , and
Tuck (1978). The same authors showed that converged solutions

obtained through the Shanks transformation possess jump disconti—

nuities on the free surface forward of the blunt bow; thereupon

they have averte d to iterat ive solutions of the original boundary
value problem, utilizing a portion of the converged expansion

solution as known, and obtained smooth flows, but with wave s at
infinity . One importance of the ir work is that it confirms
earlier doubt concerning the existence of smooth bow—like flows

without waves forward at infinity. However , the generalization
of their methods to the three dimensional case has not been

approached.

Much earlier, Ogilvle (1968) proposed to retain a zero
order (i.e., double model) term in the free surface boundary

condition, so as to produce waves; he treated a submerged
planar body. In the resulting theory, the double model flow

play s the role of the uniform flow in regular lIr~ear theory .
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Dag an ( 1972b ), t reated the slow ship in an important work ,

and showed that the appropriate slow ship th eory ( K ~~~~~ — 0, ship

fixed, and of arbitrary B/i) involves th e zero (Ogilvie) p lus
first order “naive ” expansion terms in an appropriate boundary

condition . He also derived a simpler form without the first

order term and appropriate for (BK) 0(1), as is usually the

case. Pagan ’s result, but omitting the first order term, was
essentially re-discovered by Baba and Tukekuma (1975), Newman
( 1976), Maruo (1977), and , in a particularly nice form, by
Dawson (1977) of the Taylor Model Basin :

(
~~

2
e ) +  gcD = 2~ 1

2
~ 1l (1)

where

~p is the total potential,

~~ is the double model potential, and

1 is the surface streamline direction for the double

model.

His version is given in a paper entitled “A Pract ical Computer
Method for Solving Ship-Wave Problems,” in which he arrives at
a slow ship app roximation as a straightforward double model

linearization (without mentioning slow ships at all) and showing

some remarkab le correlat ions be tween numerical calculat ions and
data , see Figure 22. Dawson ’s method is based on satisfying the

hull and free surface conditions through a distribution of Ran—

kine sourc es distributed over panels on the hull and in a very
limited region of the horizontal free surface near it; Figure 22,

the computation for a dozen Froude numbers cost about $500 and

takes about one half hour of computer time. There are two
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differences between Dagan ’s prescription and Dawson ’s me thod :

i) in the free surface boundary condition, the omission by

Dawson of first order terms; ii) in the hull boundary condition,

satisfy ing it exactly instead of using the double model source

strength ; it would seem that these differences are of second

order in the beam (B/~), and it would be most interesting to

car ry  out Da~ an ’s prescription exactly and to compare the re—

sults w~ th Dawson .

The approach of Baba and Maruo is , in essence , not only to

approx ima te  Dagan by omi t t i ng  f i r s t  order  F terms in the bound-

ary condi t ions , Figure 23, hu t  f u r t h e r  to approximate  flawson in
thV V~ir f i n a l  s tep by i’epl~~cing his equa t ion  (1), pg. 58, with :

U2 cp + gcp~ = 2~~i
2
~~ii

This approach eliminates the poss ib i l i t ies  to accoun t for phase

changes  due to the in te rac t ion  of current  and wave f ie lds  by

incorporat ion  of the phase change w i th in  the wave form i tself ,

an effect of inc ress ing  impor tance  for  larger B/-t. Their theory,

similar as it is in it.’ form to second order thin ship theory
by v irtue of the integral of Ihavelock sources over the free sur-
face which arises in Its solution, raises the quest ion as to the
existence of a consistent theory in the in te rsec t ion  of the slow

V 

ship and second order thin ship . Does the theory of Baba and

~aruo lie somewhere close to that consistent theory and does

this fact account for such succe ss as they may experience? Baba
and Hara (1977) by further approximating the surface integrals

in their theory, arrive at simple formulas for wave resistance
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Involving only a contour in tegra tion  around the hul l-water l ine.

They show remarkable agreement with resistance data for a range

of conventional ship forms. Maruo and Suzuki ( 1977), however ,

in app lying identical  formulae , arrive at d i f f e r e n t  numerical

resu l t s  and much less op t imis t i c  conclusions. The mat te r  awaits

resolution .

~eanwhiie , Dawson ’ s exper ience  shows c lear ly the c omputa—

tional possibility to solve the consistent slow ship p roblem

of the type formulated by Dagan , ~nvo 1v in g  an integral equat ion

over  the w a t e r  surface , wi thou t  f u r t h e r  approximat ion . It

would seem poss ib le , in addi t ion , to evaluate  wi th  it the

o cc ur r e nce  of wave breaking  around the ship, and even to in-

clude in an approximate  way, the influence of wave breaking on

the surface boundary condition and t he re fo re  on the flow.

Finally, f or su~ ficient1y slow speeds (probably lower than

for normal ships), asymp totic me thods based on short wave

a p p rox im a t i o ns  may prove successfu l, as they have been in

optics . Kel le r  ( 197~~) has provided the beginning, by describ —

thg the kinematical effect of the current field about a very

slow ship on the propagation direcLion and wave lengths of

short waves .
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NUMERICAL HYDRODYNAMICS

The three dimensional achievements of computational methods

grow steadily. Important successes are I) the exact calculation

of the potential flow about three dimensional bodies in the

absence of a free surface , Hess and Smith (1966; 1973), and

ii) the calculation of the forces and motions accompanying

potential flow about complex floating structures in a seaway of

small amp litude. Both of these calculations have been made

utilizing surface distributions of Green ’s functions. In addition ,

the latter have been made utilizing hybrid techniques including

finite elements. The latter have the potential advantage that

they can be used in the absence of potential flow.

Gadd (1976) has approached the calculation of flow around

ship hulls utilizing distributions of Rankine sources on the hull

and in a limited portion of the free surface near the hull; exact

boundary conditions are specified excep t that the free surface

source distribution is placed on the horizontal plane, and an

appropriate correction made. The resulting calculation is

reminiscent of that required in Dawson ’s method . Gadd ’s results

are, so far, encouraging; they include the flow about a very

bluff bow . This progress, taken together with the growing and

varied numerical approach to the ship wave problem evldances by

the Second International Conference on Numerical Ship Hydrodynamics

(Berkeley), augers well for eventual success. Of course , a few
stumbling blocks stand in the way, such as wave breaking and

transom stern separation; but likely these will be soon overcome .

There will remain for the longe r range, the inclusion of wake
and propeller effects.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~V V V~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~V~~~~~~~~~~~
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Will , then , purely numerical  me thods realize the goal of

theoretical wave resistance predictions first envisioned eighty

years ago in the remarkable mathematical  work of J. H. Michell?

That would still leave for more analytical methods the task of

explaining further and in greate r depth the complex and varied

phenomena involved in the flow past ship forms arid, perhaps,

giving intelligent direction to the continual search for optimum

hull forms .

L VV ~~~~ VV ~~~~~~~~~ ~1



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~ -~ •~~V_V ~V VVV V V V V V _ _ _~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~ V-~~~~V V 
~~~~~~~~

HYDRONAUT ICS , INCORPORATED

-6k-

0
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0

• 

_ _ _ _  

o

7 I z —Q

-
~~~

0- I - - _ V V ~~~~~~~~~~ V 0
•

wZ  \ ‘1 — 0

0< ‘1 >~ 4 Z 0 V <
I LU I 1~ U LU

> I  ~~~~~~~~~~~ 0
—

~ I 0 < < — 1  LU
aZ  I
U)<  1 ,—

‘1 ~/~ CD V

;~; U-

I 
-— — 

~~~~~~
•
~~~~~~~~~~~.

•.••
•
:

8
d d d

II



r _ V  _
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - V~~~~~~~~~~~~ V V~~~~~~~~VV ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~

HYDRONAUTICS, Incorporated

-65- 
V

CONCLUSIONS

The current evolution of theory and its computer applica-

tion , as well  as of pure ly numerical methods, suggest s that

adequate methods for wave resistance and viscous wake estimation,

for a range of ship types, could well exist within another

decade , including the influence of breaking and the stern wake.

The development of such method s would soon be followed by in-

creased use of computer based estimations in hull design and

V 
powering .

The situation of theory, partly depicted in Figure 24 , is:

o Second order thin ship theory is both necessary

and sufficient for slender high speed ships like
destroyers and cruisers, preferably with Dagan—like

coordinate straining . But two separate sources of

trouble must be dealt with: i) the effect of

strong divergent wave breaking along the bow and

sides; ii) base effects arising from the transom

stern.

o For ships of mode rate fullness and spee d, as

passenger and cargo ships, both inconsistent
second order thin ship and moderate beam slow
ship will sometimes give good results, separately,

as in Dawson and in Guilloton. The proper theory,

though, lies in the consistent intersection of 
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second order thin and moderate beam slow. A pos-

sib le techn ique: linearization on a basic flow

which is generated as second order in beam and second

order In “naive ” Froude number. In any event the
calculation will then involve the numerical solu-

tion of a surface integral equation, as carried out

by Dawson. The inclusion of wave breaking and wake

effects will be possible .

o Very full ships, like tanker; suffer wave breaking

resistance , whose basic nature needs badly to be
• b e t t e r  unders tood . The full Dagan slo’~-: ship theory

wil l  allow the necessary  calculations of the un-

b roken flow, of the wave resistance , and of the
outer flow necessary  to determine  the wake , which

is impo rtant for tanker s. Adequate models of

breaking, spiral vor tex, re— entrant jet, or what-

ever must then be imbedded.

o Purely numerical solutions of the exact problem,

but allowing for wave breaking, do not now exist

but could eventually deal with the general ship
problem.
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To put it all another way,

Naval ships are fast and slender,
Michell’s close but needs a mender,
Second order fits the bill,
Dagan straining ’s better still.

Not too thin and not too slow,
Tells us how the f re ighters  go.
Currents tag along the side,
Causing waves to shift and slide.
Pois son simply doesn ’t hack it,
Loses track of phase shift traffic.
Perturb rather on a flow,
Starting out as very slow.

Tankers cause a lot of breaking.
What’ s the cause this mess they ’re making?
Is it due to lost stabil i ty?
Or a sense of flow ’s fut ility?

Models now in tanks we tow,
All of that to Froude we owe.
W ill c omputer s, fast and new,
Make us alter Euler ’s view?

~~~~~~~~~~~~~~~~~~~~~~~ :1~ i~:1~ 
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