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INTRODUCTION

The past three years have witnessed two major events in the subject area

of wave resistance the widespread research pro3ects aimed at direct meas-

urement of wavé resistance, and the prolific "International Seminaron Theo-

retical Wave-Resistance" which took place at Ann Arbor.i August :1963. In-

terest in wave resistance has therefore been àt-an all-time high. Hówevèr,

while we have learned a great deal.from this activity., much of our new

knowledge is destructive, insofar as. it. suggests more-and-more: the importance

of,. interactions between viscous and wavemaking phenomena! Indeed, we have

seen (Wu, 1963) a theoretical prediction of the wave resistance of a flat

plate, .mpving in its own plane. Under these circumstances it may seem espe-

cially, inappropriate for us to have divided the.. subject. òf resistance, into

separate reports on wavemaking and viscous resistance., but this hasbeen dic-

tated by practical considérations and by the increased level of activity

which must be covered.

Responsibility, for the preparation of this report.:was givén.to Paflel H-5

(Analytical Ship-Wave Relations) of.. the Society of Näval Architects and

atine Engneèrs. Cutrent..bétship of this panel .is as oliows:

J. N. Newman, Chairman
. R. C. MaCamy

'M. A. Abkowitz F. C. Michelsen

J. P. Breslin H. L. Pond

W. E. üins . E. O. Tuck

P. Kplan L W.. Ward

B.V. Korvin-Kroúkovsky J.. V'. Wehaúsen

J. KOtik ' T. Y. Wu

The author ack9wledges the assistancé of.thiS group. in.preparing.the present

réport,.butat..the same time claims. sole.responsibility for its omissionS,

errors, and statements of opinion.



ANALYTICAL PREDICTIONS OF WAVE RESISTANCE

Michell ! s Integral

There is.recent evidence to support..t'he classical Michell theory,..espe-

ciai1 for fineship forms at high Fròude.nubers,say.above .35 or beyónd

the last "hollow" of the theoretical wave resistance curve The best ex-

ample of. this is shown in the teceit .aper by Lackenby (1965), based upon.

the ver5r extensive research conducted by Shearer an Cress (1965), but that

work is based upon a very, fine hullform. Asimilar comparison for the

Series 60 ( 60 block) model has been made by Webster at Berkeley, and the

results are shown .by Ward (1964); here the Michell resistance .i higher than

the residual resistance by.a nearly constant difference,.with the relative

error decreasing, as the resistance rises., from about

the peak value near ... Froude number; Gtaf, Kracht,

comPared the theoretical wae resistance and measured

of two Taylor-Series models,'with.Similar results; in

between theory and experiments was no. larger than the

their:3 meter ánd6 meter model.results,.

Michel.l'sihtegral becomes mor.e reliable, especially in the..lower.speed

range, when empirical corrections are made Inui (1962) and Wigley (1962)

have both . shon good agreement . between theory, and experiments' in this way.

Wigley requires only.. twO empirical constants, which are dlaimed to represent

viscous nteraction.effects. Itremairis to beshown that these constants

.can be estimated satsfactori1y, for a given hull, form,, before .mäking the

experiments. . - -
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Computet Studies and SecondOrder Theories

In this age of larga scale computers it.y seem inexcusable that we

are not áble to máke substantially, better predictions of wave resistance

than .were.the cÖuageous workers of the first half of this centuy. This

lack of progress must be attributed jointly toviscous effects and non-

linear free surface effects, neither of which can be completely analysed, to

say nothing f the combination of the two simultaneously.

Restricting ourselves to non-viscous fluids, some effortshave been

made to improve upon Michells integral or to. free ourselves from the hm-

itations of thin ship theory. Here we must distinguish betweén a consistent

mathematical approach (usually.attributed to Peters and Stoker,.cf. Stoker.

1963) and a more expedient engineering approach. In Michell's classical

Ttheory twO approximations are made, viz., the free surface waves are sail

in amplitude so that linearized water wave theory,, can be applied, and the

ship is thin so that singularities and boundary conditions can be moved

from the. ships surface to the centerline plane. From the.. matheatic.ian's

viewpoint these two approximations are mutually dependent and t.is not

legitimate to improve upon one (usually the assumption that the Ship is

thin) while retaining the other. From the engiieering viewpoint,..on the

other hand,.the more important assumption. is that pertaining to the hull;

typical shi.ps' are not thin, but they do make waves which for the most part

are not too steep. This controversy is now abQlt ten years old, añd neither

side shows signs of..weakening. Clearly if the' engineering apprcach can be

satisfactorily computerized,.and if.this gives agreement with practical ex-

perience, then it.will certainly, be used. (The mathematician regards this

as pèrmissible if it is recognized as a "numerical experiment.")

The ultimate goal. in thé engineering approach is. to satisfy. the.exact

boundary condition on the ship hull and the linearized free surface condi-

t.ion.. In principle this is. possb1e, and at least two aj.or efforts have

been underway f o. some time, the first by Hershey at thé N val' Weapons



Laboratory. and the 'second by Hess and Smith at. the Döuglas Aircraft Co.

Neither of these efforts .shows iediate signs of suççess. In. practice it

has not been possible to compute the free-surface sourcè function with suf-

ficient speed to.use. it as the kernel functior of the appropriate Integral.

equation Breslin and Eng (1963) attempted to short-cut this difficulty by

using the source strength for the ship with a rigid free surface and thet

computing the wave resistance f the free-surface source distribution with

the same strength*;. the results. were disappointing in that they exaggerated

the wave resistance even more than Michell's integral. On. the othér hand

essentially the same principles, have been successfully. applied by Inui.and

his colleagues in Japan, and Pien (1963, 1964) at'DTN, to the problem of

f.inding optith ship. forms with low wave resistance. One might conclude

that the engineering appróäch' described above will be uséful..for.c,ertain

purposes, such as the determination of optimum forms,, but nOt .f'or.the

actualprediction of wave resistañcé on a given ship

Progress can in.fact.be made.from the rnathematical.."iewpoiht, proceeding

iteratively to correct both the .hul.1 and fr.eé Surface conditions, simuitan-

eous'ly. The second-order corrections to Nichell's' intega1 were.out'lined

ten years ago, by Wéhausen., and presented to the H-5 Panel, .but the results

were considered at.that time tO be too complicated and of.too little inter-

est to publish Subsequently Sisov (1961) published the second-order

equations and these are now being prograed .by Eggers at Hamburg. For the

idealized case of.a two-dimensional circular cylinder Tuck(1965) has

.t should be emphasized that.te resulting 'poténtial is a hybrid ihich

does not satisfy. the hull boundary condition êxcept.in the.11.mit of zero

speed. Mòreover the, wave resistance thus Obtained is not unique insofar

as it depen4s on the .manner.inwhich the slip is represented with the rigid

- free surface condition; different values of wave, resistance would

obtain from, e.g., a surface distribution of normal dipoles,or an intérúal

distribution of sources. .
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presented the complete second-order theory including calculations,.and has

shown that the second-order effects from the. free surface domint these

from the body surface, if this conclusion were valid also for ship forms it

would effectively refute the engineering approach.

Slender-Body Theory

Michell's integral, the cornerstone of.waveresistance theory, is

limited to ships which are geomètrically thin, or of.small beamcompared to

théir length and draft. Since .hips are typically "slènder" b'ut not "thin",

there was hbpèfor inañy years. that a wavè-resistance.theory analogous tothe

slender-body theory of aerodynamics might provide engineering estimates of

.ractical ships' wavè resistance. Sadly, .thishope has proved to bein vain.

A theory for.the wave resistance of slender shipswas obtained independently

by sevéral workers in 1962-3, including as the final result an integral. aiia.-

logous to Michell's integral. Unfortunately this integral can be..iooked

upon as a special. case of Michell's integral, for.small draft; optimistically

we might say, that this proves that in Michell's integral the beam/draft ratio

need no longer be small, but the factremains that the new. slender-body

result is of no greater. practical. value than Michellts int.egral. ;In fact

Lewison (1963) has shown that.the agreement of experiments with the.slender-

body integral is worse than with 'Michell's integràl.

Nevertheless work in this area has not been given up entirely. Tuck

(1965) has derivéd the second-order.contribution to.the wave resistance of

à slender ship and this may prôve to be practically useful. Sec9ndly,.there

remains the possibility of'a "short-wavelength" or low-speed slender-body

theory which shoüld be màre. accurate than 'any.exist:ing theories in the low

Fraude number rañge. Finally we.maynote that in work which is as yet

unpublished,'Tuck has. successfully used he slender-body theory to predict

sinkage and trim in shallow water, an outline is presented as discussion

to the paper by.Graf f, K±acht, and Weinbltni (1964).



Boundary-Layer Interaction.with Surface Waves

For suitably high Reynolds numbers the effects of viscosity can be

concentratéd inside 'a thin 'boundary layer along the.shi's. surface and the

fluid outside of this Ïayer can be ànalysed as a potential. flaw. Since the

characteristics of the boundary layer depend not only on thé 'body shape, but

also on the pressure gradient of. the external potential. flow, fand, conversely,

the displacement thickness ofthe boundary iayer.will àffect the external

f low, it follows that 'there will be a two-way intêraction.between the bound-

ary layer and the free 'surface wave field. This seemingly.. intractable pro-

blem has been Studied by Wu (1963), using two-dimensional.semi-empirical

me'thods to approximate the.bounda,ry. layer motion and thinship methods.to

analyse the exterior flow. As' a consequence of 'the interaction,, the results

apear' formally as an integral equation for the boundary-layer. thickness.'

The assumptiâns involved are rather drastic (notably,.two_dimensional bound-

ary-layer flow, no separation, and no tr'eament of' the.wake) bût a start .has

been 'made towards a. rational understand ingof the. limitations of Froude's

hypothesis. ' .



EXPERIMENTAL MEASUREMENTS OF WAVE RESISTANCE

Siñce viscous drag is the dominant .pprtion of most.ships' restst4nce,

it is somewhat unfortunate that we use model tests to determine the wave

resistance and assume that we can.predict the Viscous resistance.,rather

than vice-versa; this complaint is not new, btit it emphasizes the fact that

in measutements or predictipns of wave resistance we are looking for the

needle in the haystack.

in order to measüre wave resistance directly and thus avoid the pos-

sible errors inherent in equating wave resistanceand residual-resistance,

vatious schemes have béen proposed which have in coon the measurement and

analysis of the energy in the wave system generated by the ship In a real

fluid this is not a unique quantity, since there will always be a certain

amàunt of interchange of energy between the viscous and wave .wa.kes,butat

least outside the (relatively narrqw) region of, the viscous wake itself,it

would seem reasonable to neglect viscous dissipation.

Inui must be credited with instigating most of this research, when he

addressed the H-5 Panel in July1960 and showed his beautiful stereo photo-

graphs of Hmodel wave systems. This ld Professor oryin-Kroukovsky.to sug-

gest.th use of à wave prpbe to measure wave heights along a line across

the wake, in the hopes that. this could be,related to the;wave resistance.

Eggers and Ward both took up this idea and othèrs entered Subse4uentiy. Two

vatiations arecoon: the"transverse.cut"which giesà wave record

across the wake, beginning and ending outside the region ofsignificant.wae

hetghts (in principle, outside the angle 19½ degrees) or, in a towing tank

traversing the tank from wall-to-wall or centerline to wall, and the Itlongi_

tudinal. cut" which gives a record. of waveheight along a line parallel to

the ships course, beginning upstream of.the wave sysem and terminating

downstream either when the wave height has diminished to zero or, more

practtcally,when the wave has become afairly regular.transverse wave system.



The longitudinal cut has the advantage that the wave probe .cn be fixed

while the model passes by, whereas for the transverse cut a moving probe or

multi-probe rake mist be used. A second advantage claimed for thé longitud-

inal cut (to, some extent with. tongue-in-cheek) is the fact that it'. can. be

kept outside of the viscous wake, whereas the transverse cut must .cross the

viscous wake and presumably is thereby more subject to viscous interactions *

Onthe otherhand, the longitudinal cut ust.be very lang downstream, and

in conventional (narrow) towing tanks this forces a compromise betweén a

short record.which is free of wall reflections and a long record which has

"converged " Some analyses, notably Eggers (1962), account for wall ref lec-

tions from perfectly reflecting walls of thé tank, but this makes the con-

vergence probLem worse '(since the resulting waves propagate downstream with-

out attenuation) and introduces another source of viscous. interactio (in

the multiple réflection process atthe wall).

*In order tó better urtderstand tb-is interaction process Lurye (TRis cur-

rently conducting theoretical research on the propagation ofplane waves

through a viscous wake Preliminary results with an idealized wake show

that an extra term must be added to the equations relating the wäve resis-

tance. to the transverse cutwave record. Lurye is also investigat:ing the

possible effect of the wake ón the tave resistance itself.
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Ward (Webb Institute)

While Ward has developed other methods as well, his forte is the "XY

Method" (Ward, 1964). In this method the wave is "measured" by a station-

ary vertical circular cylinder which passes down through the free surface

to a large depth; as the waves pass by the cylinder they give rise to a

horizontal hydrodynamic force on the cylinder, which is measurable. If

X(t) and Y(t) are the longitudinal and transverse components of this

force, as functions of time, then it can be shown that the wave resistance

of the model, as it passes by the cylinder, is proportional (through a

known simple constant involving the fluid density and the cylinder radius)

to the integral, with respect to time, of the product of these two forces.

This method had been used to measure the wave resistance of five foot

modeLs of the Series 60 (.60 block), A.T.T.C. Standard Model, and an "opti-

mum symmetric ship" developed at Berkeley. These tests covered the Froude

number range from .2 to .5 . In all cases the measured wave resistance is

substantially lower (20 - 507) than the residual resistance, and in most

cases it is lower than the predicted Michell resistance. The results are

encouraging in regard to the optimum symmetric ship, which has a very low

theoretical minimum wave resistance at a Froude number of .316; no indi-

cation of this minimum is apparent from the residual, resistance, but the

XY test shows a very low wave resistance (although not so low as the theory)

in the range .29 to .32 . But unfortunately at a Froude number of .4, where

the residual and Miche].], resistances are nearly equal (and thus, presumably,

reliable) the XY test is again about 507. low.

Eggers and Sharma (Institut fir Schiffbau)

Eggers (1962, 1963) has performed an elaborate analysis of the wave

system behind a model which is moving with constant velocity down the

center of a tank. The tank is assumed to have a rectangular cross sec-

tion with perfectly reflecting walls. Eggers shows how this wave system

may be measured and related to the wave resistance through an infinite

series over all of the "free wave'1 components of the system. Sharma (1963,

1964) has extended this theory and. has applied it in an exceedingly thor-

9



ough manner, including extènsive theoretical and experimental comparisons

of the wave résistance of one model 4m long. The results are similar to

Ward's at lower Froude numbers, but in the range .35 to .7 there is good

agreement between residual and measured wave resistance, and fair agree-

ment of both with the theory. Sharma also shows that the results at low

speeds can be dramatically improved through the use of Inui's (1957) semi-

empirical correction factors, but this comparison is less meaningful since'

the correction factors involve, a 'three= or four-parameter fit which should

allow sufficient flexibility to improve any comparison dramatically.

Pien and Moore (DTMB)

Pien andMoore (1963) measured thé wave height along two longitudinal

tracks, parallel to the model's course, and used these measurements to com-

pute the wave resistance. Measurements were made with a sonic wave probe,

the tests being carried out with an Inui U-series model in the Maneuvering

and Seakeeping Basin at DTMB, in order to avoid wall reflections. The

analysis technique employed Fourier analysis to first find t-hé spectrum of

the free waves, before integrating to get the wave resistance. The values

obtained in this way were approxiiiately twice as large as the residuary

resistance, based upon the "adjusted" (pÎus l47 form factor) Schoenherr

friction line.

Kobus(Iowa institute of Hydraulic Research)

In a recently published thesis Kobus (1965) has madé an extensive

investigation of the use of Eggers' method (based upon transverse wave

profile acrosss the tank) in conjunction with a vertical strut of modi-

fied ogive section and beam/length atio of aboutj .10. This form was

chosen because of its narrow viscous wake and freedom from bilge vortices.

(An end plate was placed at thé bottom to minimize three-dimensional effects.)

Tèsts were restricted to a Froùde number of 0.36, but at this One speed

various comparisons were made:

(1) The measured and computed wave heights along transverse cuts at
various distances downstream: the agreement was not very good
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at any distance downstream, and bad in the viscous wake; re-
latively small diff:erences were also demonstrated between .the
"exact'.' (including local effects) and asymptotic (i.e. "free

wav&') theoretical predictions.

(2) The wave resistance as predicted from theory (Nfchell's inte-
gral but with the exact zero-Froude-number source distribution)

with (a) Eggers' method using theoretical values of the wave
height, and (b) Eggers' method using experimental values of the
wave height; the results were, respectively, 207e and 40-507

lower than Michell's integral and this error was not sensitive
to distance downstream.

Kobus coñcludes that viscous interactions are important, and moreover

that locäl effects petsist downstream to an extent.which must be ac-

counted for in any successful wave analysis. (In regard to the per-

sistence of local effects downstream it should be noted that the tank

was only 10' wide, and, the model 6' long.)

Taniguchi. (Mitsubishi - Nagasaki)

In recent tests Taniguchi. has used three geosim models of a tanker,

ranging in length from 4.2m to 10m, t determine the wave, resistance

(obtained by considering the total resistance as a function of the flat

plate viscous resistance and extrapolating back to zero, with Frbude

number constant.). Measurements were made of the wave heightalong a

longitudinal cut,. these were fitted by least squares to a Fourier.series,

and the wave resistance computed therefrom. Comparison was made. in the

range of Froude numbers between .15 and .22, and the wave resistance

obtained from wave analysis was generally abóut 60 of the .wave resis-

tance obtained from geosim analysis.

Gadd and Hogben (N.P,L.)

Gadd and Hogben (1963) have been developing techniqucs for measuring

both the viscous and wave resistance, by momentum surveys and wave height

measurements respectively0 Thesehave been applied to one. large (20')

and one small (4') mathematical model, the larger of the two being the

same model as tested by Shearer (1965). Several longitudinal wa'i re-
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cords are taken and a least squares analysis used to give the wave resis-

tance.. Early results (1963) at Froude numbers between .24 and .35 gave

values of the measured wave resistance which were below the residual. re-

ristance by about .407. , .but more recent data. which covers eight Froude

numbers between .24 and .5 ,.for the. 20! model, shows excellent agreement

± lO7o).withShearer's residual resistancethroughout the whole rahge.

Gadd and Hogben (1963) have also applied their wave analysis technique

to the drag of a circular:hovercraft at a Froude number Of .5.5 , and found

good agreement both with direct ly,measured drag and with theoretical calcu-

latiöñs. (Nöte that in this case viscous effects should be nil, and more-

over the. Froude number is quite high.)
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Summary

It will be seen, from the above abstracts of the individual in-

vestigations in this field, that the results fall primarily into two

tdups: (i) the "negative" group, inwhich the measured, wave resistance

differs substantially from, and is usually, less thán, the. residual re-

sistance and the theoretical predictions from Michell's integral; 'and

(2) the investigations of Shartna in Germany and Gadd and

Hogben at N..P.L. wherein, especially 'at higher Froude numbers; there

is substantial agreement between the three values of tesistance. (In

this context, the overall accuracy of Micheli's intégrai oes not con-

cern us so much ás the fact that in those instances where it does agree

with the residual resistance, added validity must be attached to the

residual resistance, as ,oppösed to sóme different measured wave resis-

tancé..)

While firm conclusions would be premature, two items may be noted.

Firstly that the method is more likely to be accurate at high Froude

numbers than at low ones (cf. Sharma, where the abSolute error is

essentially constant, or Pien, where the error is of the same ordér of'

magnitude as the form factor 'cpntr.ibution to the viscous resistance).

Secondly, the "positive" investigators hive only succeeded after much

effort, and moreOver their experiments were perfoed with f airly large

models in large towing tanks. In this respect one may question Inui's

(1.962) suggestion that very small tanks would be most suitable for

wave measurements and analysis. It remains to be shown whether the

outstanding agreement obt4ined by Gadd and Hogben with their 20' model

can be reproduced with smaller models,.or whether in fact there. is

stili a significant viscous tnteraction with 'the wave resistance at

the.iower Reynolds numbers associated with, the smaller models.

Of still greater importance is the question of whéther the

favorable results obainedby Gadd and Hogben can be repeated with

practical merchán ship forms.
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HULL FORMS OF LOW WAVE RESISTANCE

Certainly the raison d'tre of research on wave resistance is the de-

velopment of ship fprms with reduced resistance. Efforts directed toward

this end cover the broadest possible spectrum, from mathematical proofs of

existence and uniqueness to systematic series tests of a purely empirical

nature. The results range from mathematical proofs that the wave resistance

is non-zero to derivations of ship "forms" with zero wave resistance, and

from experimental claims of "waveless" ships to experimental studies showing

that the addition of a bulbous bow decreases the viscous resistance rather

than the wave resistance!

From the practical viewpoint, it can be stated that the work reported

by Inui (1962), Pien (1964), and Graf f, Kracht, and Weinbluin (1964) provides

the design naval architect with ample food for thought. To say more than

this at the present time can only lead to controversy, as will be clear from

the diversity of the discussion of Inui's paper.

From the scientific viewpoint, the work of Lin, Paulling, and Wehausen

(1964) at Berkeley is at a convenient mid-point of the above spectrum and

it shows substantial promise for practical application in the near future.

The approach is semi-empirical: the total resistance is set equal to the

Michell resistance plus frictional resistance, where the latter is the pro-

duct of wetted surface area and a suitable flat plate coefficient. This

total resistance is minimized on a digital computer, subject to initial

constraints on the length, beam, draft, and displacement, and a given veloc-

ity. (Since the resistance depends on both Reynolds' and Froude numbers, the

absolute length and velocity must be given.) This program is now working,

and generates fair hull forms with fore-and-aft symmetry and with bulbs! Lt

has also been used to show the small differences between a 5' model and a

500' ship, each of which is optimized for the same Froude number. Comparison

with experiments has been made, using a conventional residual resistance

experiment, and this did not confirm the good wave-resistance properties of

14



the.symmetric hull. However, Ward tested the same.modelwith his "XY" method

at Webb and showed dramatic reduction of the measured wave resistance near.the

designspeed The ultimate aim of this work is to presc±.ibe the afterbody,

iù order to ensure good propulsive añd viscous separation properties, and

then optimize the forebody as above, initial attempts in this direction have

led to negative offsets in the bow and further refinement of the program is

underway to prevent this.
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CONCLUSIONS AND RECOMMENDATIONS

The classical Michell integral for calculating wave, resistance has not

been signif:icantly improved upon. It gives good predictions at high speeds,

particularly in the range between the last hollow and the final hump (say

for Froude numbers betwéen .35 and .50). At lower speeds it is not reliable

except with empirical corrections,.

Two experimental attempts to measure wave resistance directly from wave

records appear to have been successful, in regard to correlation with the

residual resistance, and one of. these (Gadd and Hogben') gives engineering

accuracy over the speed range from. .24 to .5 for the one model tested. This

successful correlation with the residual resistance suggests that predictions

of interference between viscosity and wave effects may be exaggerated, .and

experimental results which demonstrate serious interference should be re-

examined with skepticism.

The direct measurement of wave resistance should be pursued in a full-

scale test. No special dynamornetry or towing arrangements are required;

only a good wave height buóy and recording apparatus.

There has been substantial and interésting work done on new ship forms

of reduced wave resistance. Some of this work is still underway andthe

final results are yet to appear. On the other hand the work reported by

others is essentially complete, and also controversial. It would seem con-

structive to evaluate this work on. an utibiased basis, including comparisons

with conventional Series 60, Taylor series, and other successful ship forms,

and illuminating the varIous ambiguities whichmay arise: the.different

results obtained for full scale total resistance depending on the extrapola-

tion method employed, the difference in effective Froude number due to the

increased length of a bulbous bow, etc.
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