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Synopsis

The impact of theory on shipbuilding practice is modest,
even model research does not make proper use of theore-
tical soiuticns. This state of affairs is largely due to
erroneous judgment, but to inspire actual design, efforts
must be made to develop basic theory as well as its appli-
caticn and evaluation and experimental research. The sy-
nopsis is restricted to uniform motion in calm water. -
some problems of ship geometry and generation of hodies

by singularities are discussed, Results of linearized theory
are enumerated dealing with wave pattern (shortly) and with
resistance. The problem of optimisation is reviewed. Second
order and non linear effects are briefly touched upon, Ix-
perimental methods are appraised and results of an investi-

gation on resistarce of simple ships are communicated.



Introduction

vurinrg the process of planning tire prozram of the sym-
vosium I asked my colleague Wehausen 1to contribute an
introductory synropsis on our subject, eventually as

a joint enterprise. My humble request has been declined
eg=entially by pointing out taat such an attempt is su-
nerfiuous at a meeting consisting of specialists. I agree
to a wide extent with this reasoning - a summary of the
discussions nroduced 2t the conference will be much more
productive. However, since the participants come from
different camps and our family 1is being rejuvenated.some
zeneral 11 by no means systematic remarks on our subject
may be nonetheless justified. The purpose is to point out
scme weak spots in the earlier approach and to suggest in-
creased activity in the field of basic thecry, of its ap-
plication and evaluation and of crucial experimental work.
Cccasionally the survey of literature may lead to a com-

munication of less known information.,

Wwhen we consider as starting point the surveyvs given by
#izley 1 in the early thirties the wprincipal trends in
the development of our subject could be followed till re-

cently by studying Havelock's work | 2  and such highlizghts
as the wave resistance conference in Moscow 1937'r3i, the
publication of the already famous 1l. volume of the Japa-
nese Ship Theory 4 and the Symposion at Jageningen 1960

v . : . i . . .
*5 . %e wish that the present seminar may play a similar

role,

Several vears ago a prominent member of the Moscow confe-
rence remarked to me that there is no need to toil about
the wave resistance theory since ships can remain afloat

without anyhyvdrodynamic theory; the latter has a nmore_

-
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Or lesg decorative value only - an opninion shared hy
many practical people. This questiocnable statement is
Justified in so far as upyﬁow the impact of theory

on actual shipbuilding snractice is modest ornlyv. There
are scme obvious indications of this sad state of af-
fairs:a less serious one stems from the fact that the
numexrcus ITTC Concresses have not acknowledged offi-
cially the existence of our theory, {(i.e. it has not
been a topic of its meetings notwithstanding attempts
to make it presentable at this court). As a more se-
rious shortcoming we consider the fact that the rather
popular systematic model series are being planned with-

out making use of wave resistance theory.

1t is the definite purpose of our meeting to promote the
development of theory as well as its application to mo-
del wok ond ship design., Cbviously, our difficult sub-
ject could and can be treated theoretically by introduc-
ing drestic simplifications and absiractions only; but
endeavoursg should be made in due course to relax restric-
tiens and to enlarge the scope of problems présented by
vractice wiiich frequently 2are unpleasant and difficult
to handle, Furtiter, when practical application is aimed
at the influence of other design driteria on wave resi-
stance research nkust be studied. Zuch considerations

nave heen made but in a rather cursory fashion,.

contrary to the nessimistic or ignorant opinions gquoted
it is ocur contention that theory should renresent already
now an indispenshble tool in model resesrch work and thus

should influence at least indirectly desizn,



There are from the viewpoint of pnraciice two main

problems which theory must solve - the determination

of resistance for a given hull form and the develop-

ment of shapes of lenst (low) resistance, although

in prirciple, an adequate theory is able to handle

both problems. Since, however, only approximate method®
were available these practical aims have produced different

trends in research,.

I welcome the fact that our kind hosts have included

tiie discussion of an experimental determination of wave
resistance in our programm as far as these experiments

are connee¢ted with stientific ideas. For a long iime

there has not been any progress at all in pertinent ex-
perimental methods; a more satisfactory approach has been
developed actually not earlier than the application of
theoretical means. Looking back, my teacher FFottinger

was right in asserting (1924) that his proposal concer-
ning dounble models was almost the only neWbasic idea since

.

W, Froude.

Although wave resistance is the'economically' most im-
portant 'free surface effect'! phenomenon as far as ships
are concerned other generalized forces can be determined
almost as byproducts in our field. 1t appears that they
will be studied especially in the case of the motion in

a seaway. Although there is a certain danger that the
scope of our seminar may become too ample, it may be still
more cdangerous to restrict ourselves artifidgally to resi-

stance only.



Ubviously, mathematicians and naval architects some-
times have different opinions as to what is important
in studies of wave resistance. Some painstaking deve-
lopmenrts are a hogey to engineers; in their opirion
methods are needed which lead to explicit results;
the difficult work shduld not be burdened by mathe-
matical niceties. lowever, it is now generally under-
stood that investigations, e.g., on second order and
non linear effects represent an indispensable prere-
quisite of the practical as well as of the scientific

progress.,

Even when we restrict ourselves to the resigtance only,
the scope of our studies is ample: Steady and undteady
motion, rectilinear and curved path, unrestricted and
restricted water, smoeth and corrugated water surface
(the latter regular and irregular), displacement ves-
sels of various types and hydrodynamic craft - in fact

an impressive liist!

in what follows I shall confine myself to remarks on
the simplest problems -~ the resistance experienced by
ships moving uniformly rectilinearly at or under a
smooth water surface., We shall briefly discuss the
classes of ships but eliminate completely hydrofoil
craft since this topic has been the subject of other

recent meetings.

Ship theory is widely indebted to aerodynamics.
Aerodynamicists have ridiculized our inefficiency in
handling problems of ship resistance (although they
themselves have frequgntly failed when they condes-

cended to deal with the (water!) wave resistance). We



admit that sihiip resistance has been investigated fre-
quently more industriously rather than intellizently;
tiuis applies to experimental work as well as to theory

and e®pecially its application. Yossibly the produc-

tivity of thinliing has suffered in our field by the need
for tedious auxiliary work caused by the complicated

null forwm. In
cstrous nt?n

investisating resistance probpvlems.

thie experimental field it ias oneen disa-
S
"\

ended rather on 'rurning models' than on

it had been olnest a dosma amongst naval arciritects that
t was practically impossible to calculate the wave re-
gsistance of shivps. Thus davelceck's and Wigley's work
pened a rew aera in ship theory. Naturally, after the
long stagnation romantic feelings arose as to possibili-
ties furrnished by the existing thecry. The preosent writer
was especially responsible for pressing it hard from the
point of view of application to practice. ile feels arate-
ful for the oprortunity given here to exnress a more mode-

rate appraisal of earlier resultis,

un the other hand erroneous deprecating statements ihave
been made occasicvnally by prominent theoreticians. on the
practical value of liichell's theory based on a superfi-
cial comnparison of calculated am measured results wiich
actually refer to non-identical ship forms! ;Obviously,
thie prectical nerits of theory c¢sn no more he supported
to-day by demonstrating such a common _place as the correct
Jdenendence vi the resistance upon ¢ = c, in a well known
ranrze of the Froude nuumber. 1ln order tOIbe helpful theory
must be able te disclose finer form effects., To make a

modest contribution in this direction (with success) some
we uave repeated



earlier exneriments which had served as a proof of the
important fact that small changes in ship form may corres-

pond to larce changes in wave resistance,

The recent development of computers has changed basicly the
aspect of our scilentific policy. Occasionally,it had been
considered easier to develop/exhaus@vely the existing in-
tegrals., Hesistance forwmulas were preferred which lend
themselves to an easy numerical treatment; more general
and farther reaching resulis were neglected as will be
poiuteau;ater, At present interest centers around the piy-
sical content of 'theories'; complexity of the relations
involved is no umore an objection. Ve expect that in the
wake of tihils sewminar the present tendency will be streng-
tiieried to evaluate thoroughly all available advanced re-
sistance formwulas,., This will be a further step in estab-
lishing theory as a guide for practice in determining re-
to reduce wave resistance by lecal sction, 3. in apprais-—
ing »ronerly wellknown fundamental hull features like thne
crulgey and the trarsom stern. Une can exnect that tals

work will stimulate the digscovery of new sclutions,

e are planning to prepare a list of references; veriaps
this cen be settled during the conference. Zpart from re-
cent publications my present exposé is based essentially

on books nmentioned in the bibliogranhy 2 - 8j amongst them
primarily on the excellent work by Kocnm -oko: which is by

far the best synopsis of our subject.

I. 3hip Geometry

Lxpressions Tor wave resistance of basic geometrical bodies
like circular and elliptic cylinder, sphere, spheroid and

/
/new formulae than to evaluate



ellipsoid are well known. For the vertical plate moving
normally to its plane experimental results only and crude
eztimates based on hydraulic concepts are available 9 .
Further, the resistance of systems of simple bodies like

spheres has been investigated 10 .

To deal with ships we repeat now the well known basic
classification. We distinguish
I. displacement ships

and i¥, hydrodynamic craft.

Unfortunately there are transitions between these two
classes which so far are difficult to handle., Class I
we divide into surface vessels 1,1 and submerged ves-

sels 1,2, Again there are transitions between I,1 and I,2.

Class Il is generally subvided into planing craft and

hydrofoil. GEMs (ilovercraft) do not fit into this scheme;
but the investigation of wave resistance of these vehic-
les in which alone we are interested here can be carried

out using the pressure point (or distribution) concept.

e agreed to eliminate hydrofoils and we shall mention
occasionally only planing craft which deserves a more
substantial treatment. Thus we concentrate our efforts

on the displacement ship class,

In the most important 'subclass' the surface displace-
ment ships we have to distinguish hull forms with geo-
metrically smooth surfaces (rounded forms or forms with
a continuous curvature) and those with corners (sharp
edges) or even discontinuities. A similar distinction

is commonly made when studying viscous effects oFf bodies,

With respect to wave phenomena our division into swmooth

and not smooth hulls is insofar physically founded asg it



as it wmerks a characteristic difference between slower
and faster ships (transom stern, chinel!); displacement
hulls with corners form the transition to hydrodynanic
vessels, and a further development of steps finally re-
sults in planing craft hulls. ifull forms with corners
of different character have bheen desigred independently
of speed coensiderations simply for economy in construc-
tion, In tiis case, edges in the longitudinal direction
may have a minor influence on wave resistance. The in-
fluence of corners in waterlines on the wave formation
has been investizated by Havelock. Although, in the
lizht of our present knowledge his results refer to

corners in singularity distributions, the assumption

appears permissible that small dicontinuities in water-
line angles in general do not change the wave resistance
heavily as compared with that of similar smooth forms,

We shall not follow further this case of 'not essential!

corrners.,

The study of influence on wave resistance of 'essential!
corhers (or even steps) will be an important task for

the future.

Attempts have been made to systematize roughly hull forms

of normal displacement ships in the following way:

1. narrow ship B/L small

2. f1at ship B/T large

3. deep ship B/T small

4. thin ship B/LJV1; B/T small(narrs)w and

-, 3 spr _ E°°P

5. slender ship /L small: = ~- small
2.2 2
L L

. ~~, 3 ,

6. fat ship 4 ™ Cyc large P

7. fine ship small prismatic @ch(small 6=CB)

8. full ship large & = cy (large prismatic

9 = ¢,



Unfortunately there is no clear agreement as to the
concent 'fine ship'; while as criteriuwm of the 'full

ship' the large block coefficient is considered.

For theoretical reasons the concept 'elementary' ship
has been introduced which, however, in the English Li-
terature appears to. have been replaced by the designa=-
tion 'simple ship'. It is characterized by the equation
of the hull y(x,z) = X(x) 2¥(z). It is advantageous to
diétinguish principal dimensions, proportions and a di-
mensionsless form. The latter can be roughly described

by form coefficients (integral values) which are inva-

riant with respect tc affine transfermations. Differen-
tial parameters propagated by D.W. Tayvior becoime ine-
creasingly important in connection with approximate wave

resistance calculations based on suitable expansions.

The enumeration of types 1 - 8 is based partially on pro-
portions, partially on coefficients and partially on mix-

ed items,

The form coefficients, so useful in the low and medium
speed ranges and when dealing with smooth surfaces

(curves), become less meaningfulygg?ls with corners or
discontinuities are considered in the range of high or
mediunm high Froude numbers. An adequate 'geometry' for

the latter class of vessels has not yet been developed.,

Bhn analytic representation of smooth ship surfaces has
been aimed at for rational as well as mystic reasons.

in the field of wave resistance research especially,

and in ship theory in general such a representation is
useful; this applies especially to the backbone of ship
design - the sectional area cur¥e. In the future systema-
tic model investigations in our field should be based

«-10-



without exception an analvtic representation of sectio-
nal area curves. Thus no nmore would be reached than a
standard proclaimed 60 years ago by Taylor. The well
known exemple whic.i will bhe discussed once nore in
chapter VI illustrates the need for an 'exact' deter-

mination of lines (and surfaces).

Varicus tinds of simple functions lend theuselves to an
'exact' representation of the siip surface. The polyno-
mial has advantages deeply rooted in the art of the pro-
fession since it pictures adeqguately the 'spline curve!',
Ue.we Taylor has developed, used and recommended a con-
sistent system of parabolic sinip lines claiming as the
principal merits of analytic expressions the possibili-
ty fo fix definitely a ship form and thius to reproduce
it at will. The usefulness of similar simple equations
in evaluating #ichell's integral and generally in wave

resistance research has been deiionstrated,

Equations of simplified ship surfaces were constructed
in an inductive way based on experience in naval archi-
tecture. kore recently, using high speed computers em-
pirically given ship surfaces have been approximated by
polynomials with numerous terms ;11;0 When no attémpts
were made to embody empiric knowledge the expressions
became cunbersome; nonetheless, straightforward appnli-
cation of the least sgquare method did not lead to an
accuracy of results sufficient for actual building pur-
poses. rrom our present point of view the formal proce-~-
dure just described is not too promising. Probably those
simple algebraic expressions will gzain in value which
are suitable for a systematic variaticn of basic fea-

tures of hull forms.

-1



I1. Singularities

The direct solution of our boundary problems 1is cumber-
.

some. The mettod of images (singularities) proves to he
fficient in obtaining results which can be improved

step by step. We 1ist pressure, source-sink and doublet
systeuws (including points as well as distributions) and
vortex systems (lines and distributions). The usefulness

of higher corder sinzgularities in wave resistance research
has not been investigated, In an impeortant note Havelock k=

has shown the equivalence of the socurce-sink and pressure

renregentation 1i2- . The former is now more popular and

esnecially suitable for volume geﬁerati@n; the nressure
concept fits rather the requirements wnresented by studies
onn wlovning craft. Sarlier the nressure concepnt was univer-
sally dominating, but later hecame less fashionable almest
to a poiut of oblivien - which in our opinion is not justi-
fied., Essentially, the different sinzularities are closely

interrelated.

Until recently the nroblem of generating bodies by singu-

larities has been most frequently restricted to a motion

in an uniform flow (1iquid at rest) and to the case of un-

bounded fluid. net us first consider this 'indirect' method

witich consists in constructing bodies from prescribed sin-

gularity systems, 1t is simple and efficient in the case

of the plane and the axially symmietric problem, where dis-

cret¢d and line-singularities are the most important working
tools., Already the generation of'Michell ships' derived by

singularity distributions located on the longitudinal cen-

ter plane is cumbersome as demonstrated originally by

Inui 4 . These Inuids are almost the first truly three-

dimensional bodies designed by hydrodynamic means except

for the general ellipsoid. The amount of work involved in

12~
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constructing =n inuid is congiderable, 4Although the cha-
racteristic features of such hodies could have been
gsuecced from the ellinsoid; we were surprised by the

hull shapes generated by singularities distributed fol-
lowing simple laws over a rectangle, For reasons pointed
out below the application of Inuids is slightly losing
importance in future research. That does not mean that
Inui's pioneering work has 'blocked progress' in our
field; on the contrary, it has decisively clarified the
situation and contributed tools for sclving more compli-
cated bedies. de do not go into details of the generating
problem, for instance into the limitations of forms which
can be produced by certain line singularities and into
methods which admit a generalization (e.g., singularities
distributed over a disc normal to the axis of symmetry,,
vortex rings etc.). wide use has been made of the slender

body approximation for bodies of revolution

§ e

=R (i)
and the thin ship approximation (i{avelock)
which for cylinders degenerate (2)

into . A

By mirroring many problems have been solved like those
connected with cylinders moving in the vicinity of a
rizid wall (or walls) and with bodies of revolution, lo-
cated axially in an axially symmetrical duct. But in ge-
neral rough approximations only have been used to satis-
fy 'additional' bhoundary conditicns. The statement applies

primarily to the free surface problem.

For submerged bodies and even for bodies moving at the
free surface (Michell's integral!) it is frequently

assumed as first approximation that the generating sin-



gularity system is identical with that determined for
a body advancing in an unbounded liquid (respectively

for the corresponding double wmodel).

Harlier iHaveluck has suggested to zenerate bodies by
locating sources and sinks outside to the wmidship sec-
tion 2 ; nertinent resistance calculations were per-
formed by Lunde 13 . To my knowledge no attempt has
been made to determine the resulting bhodies although

by integrating the differential equation of the stream-
line one siioculd be enabled to enforce explicit results,
This leads to the concept of volume singularities, which
has been applied to our problem first by ilogner :14 o
Eggers has contributed a fundamental study on such sin-
gularities 115,0 S50 far it appears that this generali-
zation does not present an advantage when solving the
direct problem i.e. the determinaticn of images for a
given body, but no attempts have been made to handle
the indirect problem with which we are here concerned
i.e. to construct the shape of the body generated by

volume singularities,

The indirect metitod became so popular because the di-
rect approach to deteriine the flow around a giveﬁ
body (even in an uniform stream of unbounded liquid)
is difficult. Several methods are available by which
zenerating line images can be found for cylinders or

bodies of revolution wmoving at a constant speed of

translation 16 . Aigain, it is well krown that a solu-

tion does not exist in all cases.

a
ln/few cases singulargy systems located on an axis
have been found for a cylinder or a body of revolution

moving in a non uniform flow (circle, sphere, spherocid

—-14~



theorem). No attempts have been nade to determine the

imaze distributioecn over a center plane for a given hull
form, Very provably solutions exist under much more re-
stricted conditions only as in the case of the body of

revelution,.

Cobviously, the procedure of searching images for a given
hull can hereugverstraine@. The mentioned metiiods of gze-
nerating boedies will retaingtheir value in simple cases,
We remember tirat wave resistance calculations are based
syimarily on the singularity distributicn rather than on
the actual hull form. A similar reasoning applies to the
problem of finding shapes of least or low resistance which
we consider as basic in our reseaarch. Therefore we expect
that attempts will continue to develop procedures for con-
structing bodies from singularities; such procedures are
especially needed in case when fixed walls (a bottom) and

a free surface are present.

when, however, the ship surface is given, the direct methods
so far sketched are limited in its scope. it appears that
because of its generality for some purpeses the classical
agoroach of potential theory is superior follocwing which
singularity sheets are distributed over the surface of the
body. This well known method nas been avoided because of
tedious computations involved but it exneriences now a

sclendid revival,

‘e soluticrn of the nroblem depends on & rredholm equation
5l csecond kind (twodimensinal in the threedimensional
case) . It has been formulated and studied in connection

e wave resistance problem by ¥ochin some 25 years

ago'Su. Apparently the method bvecane fruitful, only after

[N
aQ

gh speed cowmputers were available, #e must admit, however,
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that mental laziness also has hanmpered the application

of eceneral methiods due to :itavelock and Kochin.

e distinguish two or three steps in the development
of the problem dealing with the determination of the
gsingularity distribution. The first twe apply actually
to the wholly submerged vody and results are extended

mnore or lessg legitimately to surface shins.

Tine simplest case deals withh the deeply submerged body
or better the body in infinite liquid. vistributions
obtained under tiuis condition for a double model are

used for the corresnonding surface form. We find splen-

iid presentation of our problem in koem-." - 's book
fochhin's integral equation (4)
n
r =
cos{*2 )ds
) ( ) ~+ 2 v cos(™,x)

! 1 -
QKX’Y’Z)z ""2':; Gy Yy Zy ) T

. 2 2 2
r =(5§"X;) +(y—y’) +(Z—Z,)
is firstly discussed for the zeneral ellipsoid.

The soluticn

alx,y,2) = (1 + p J)v cos (n,x) ()

with HX - hvdrodynamic inertia coeeficient in the x di-
rection indicates, that this simple expressiocn can be
considered as a first approximation to a{x.y z) for other

elongated (slender) bodies also,

Let us consider the nmotion of a submerged body close to

)
the free surface at small F-numbers. lieplacing the water
surface by a rigid cover the appropriate integral equa-

tion 1is obtained by nirrorimg

Q(X,}T,Z>= T cos ;l‘,ﬂ) + COSi“g',I})

‘ a(x,y,2z)das (6)
- r

Fﬂh

—

-

again the first approximation yields
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qo(x,y,z) = 2v cos(n,x)

Foruially, the solution q(%é},z) can be written as

q_:‘qu = (1+%);+ %)(2 .....)qo

and for estimates we put following (5)

,2)(; const = 1 + by o

(8)

To my krowledge, the first exact explicit result fer

a double 1cel of an actual ship form
moving ir an unbosunded fluid has been
tfess and Smith; Their work may mark a

in tiie application of wave resistance

We quote following general statewments
authors

1) fixed walls or other bodies can be

(series 60),
cbtained by
turning point
theory also [ﬁ@].

made by the =

introduced

2) non-uniform basiec flow can be treated

3) alticugh the wmethod applies to hodies with continuou

curvature only, it remains practica

11y valid for

ccuvex bodies with corners; concave corners cause

difficulties,

The digtribution corresponding to nigh Froude nunmbers

can be dealt with in a similar wayv.

The question arises {touched upon earlier) as to how

far distributicns calculated for the Tody in unbhounded

fluid (or close to a fixed cover) are

influence~ by

thie presence of a free surface when the Froude number

is finite. Ginsburg has proved the existence of a

solution LlQ}. ifiefereBce 1is made to a

substantial study

on submerged bodies by Bessho hased on a slichtly dif-

ferent approach [4]. Impressive examples are calculated

for the spheroid and the sphere; the free surface effect

demonstrated here is large. ‘then dealing with surface

-7 =
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ships the determination of the singularities at finite
(usual) Froude numbers appears to be awkward, we have

to consider the change of tihhe ship attitude and the
corruration of the free gurface, Perhaps some estimates
can be derived frowm results obtained for immersed bodies,
The solution of this problem appears indispensable from

a nhysical peint of view; possibly, 'sheltering effect'
of trhe body on waves caunnot e properly deternmined with-
out the knowledgse of the actual imare distributicn. i~
zorous investigations will bhe needed to detersiine as to
how approximations suggested by puysical reascning are
legitiwate within linear theory and as te hiow nonlineari-
ty can be censidered. The study of sidewise and obligue
motions invelves the use of diwnol distributions the axes
of which are rcrmal to the symaetry plane of the shin,
weference is made to the classic investigation by v.Uarman
in tiie case of deeply submerged bodies of revolution. The
aprlication of susrface singularties yields in nrinciple

a solution for all kinds of translation.,.

fortunately, the same method promises to furnish useful
results in an important and rather neglected field -

the nydrodynamic descrintion of bodies (ship hulls) mov-
ing in shallow or restricted water. s long as the draft-
depth ration /b ond the beam-breadth (width) ratio 3/b
are small the influence of walls cn the velocity distri-
bution sround a woving body is small; hence it is legi-
timate to vse as avnroximation the singularity distri-
bution valid for the motion in an unbounded liquid and

to esntimate corrections by elementary procedures, However,
frequently the influence of wall interference is neglect-
ed on singularity distribution for a given shape or on
shape for a given distribution even when T/h is close to

unity. This, obviously, leads to inacceptable errors.

-18-~



Suantitative information on increase of veleocity around
a yiven body moving in shallow water was so scarce, that
difficulties nrovse to estimate the magnitude of the fric-

tional resistance.

in sddition, chonre of vertical pnosition and trim of the
ship and ceformation of the water surface generally are
¢ti1ll more serious effects than in the unrestricted deep
water copditivn. “his 1s one aspect why resisiance etc.
formulae bacsed on linearized theory must fail in the cri-
tical epeed renge v = ,gh,

summarizing we see that a lot remains to be done in the

field of restricted water,

Tie cencept of moving pressure systems hias leost its po-

pularity as a victim of fashiion except in the case of

planing phenomena. itere agaln the prohlem arises of the
corresuondence hebtween ziven hottom forms and nressure

systems. 'uite & Dit has Been done in thiis resgect in

.
the twodllinensiocnal cacse 6] ; attennts Love DLeen made

[
s

to deal with the thureedimensionsl case

fhte obsesvaticn of wodel waves 1s a wpopular met.:od in
resistance receerch. LUxperienced designers are even
able to make use of the numerous wave prefile pictures
which are rersularly furnished by wmodel basins. Con-

ents like wave making lengtin (lenzth of wave separa-
tion) were iaportent criteria with earlier investiga-
tors., Simple interference calculations were used to
establish favorable and unfavorable ranges of the #roude
nuasber. such information should be used with caution

only (including charts in LWTaylor's 'Speed and power...')
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iell known are sttempts by Yourkevitch to minimize
resistance in a systematic way hy studying wave con-
tours alons models. ilis patent referring to the op-
timum position of an inflection poirt in the water-
line rests on & reasonable foundation for medium

froude numbhers.

The tiheoretical determination of wave resistance 1is
widely iased on wave pattern research. #e note es-
pecially the work by Guilloton and Inul which in an
explicit manner makes use of wave contenes. 1t is
worth remembering that Guilloton improved the physics
of “ichell's registance calculatiun by considering
the wave nrofil above the load water line. we ghall
dention Leneath modern attempts to deferiiine wave re-
sistance from the measured wave field and the theo-

s
retical recszoning involved.,

[l

fine study of wave pattern presents a useful method of
comuvaring tieoretical and experimental results in wave
recistance research. We note first a difficulty in the
exnerimental field: wWave profiles alonz a model deter-—
mined by marking the wetted contwne may differ consider-
ably frowm those obtained by photography, since the wave
surface {especially at the bow) may disnlay a steep
gradient in a direction approximately normal tc the

duil (s.sketch).

warlier tihne calculation of the wave profilealong the
model (siiip) was considered tedious; therefore a tempta-
tion existed to simplify cowputations by assuming in-
finite draft of the ship. Gbviously, a comparison with
neasurenents based on such an approximation is meaning-
ful for low #froude numbers only. it present there 1is no

excuse to avoid tine threedimensional case.
-20=
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In principle, within linear theory the wave pattern
can be calculated for any reasonable system of singu-
larities (sources and sinks, doubleté) moving uniform-
ly paralleﬂj'to the free surface and a vertical wall.
The most complicated case is that of an eccentric mo-
tion in a rectangular channel.

The general expression is of the type

- [(A + A g (s o) S ()
= 4"-7 /

5
were A1 A2 are integrals derived from the potential for

a unit source ¢ by

L= % waw)
W

03 Sy (10)

Reference is made to the book by Kocm #0kob where a lot
of useful information can be found. Expressions are
given for the wave surface at high and small Froude
numbers and asymptotic formulae valid far away from
the ship (on deep, shallow and:'restricted'water),
especially behind the ship. Attention is drawn to a
formula for the wave formation generated by a sink
system distributed over a veriical circular dife(waves
created by a propeller) which to my knowledge was not

/f

known in the Western literature. /g}é;

Havelock has presented the formula

R = sov' flae)+ £18)] cos’o e

W

which expresses the wave resistance by the wave pattern
far behind the ship, This information is not yet suffi-
cient to handle an old cherished idea - the determina-
tion of the wave resistance experimentally by meésﬁring
the wave field behind the body. Quite a lot of thinking
eBie



was needed to establish the thecretical fcundation,
even beyond what had bheen accomnlished by our Japa-
nese collagrues. 21 , 22 . The discussion of perti-
nent methods represents an important part of tiiis

meeting's work.,

Attempts have been made to reach better approximations
within linear tiaeory and to cope with the nonlinear
problem. e quote Jinnakyyfnvgsti:ated tihe difference
in thre wave profiles computed at the centerline and
at the zctual posgition of the null 4 . +e refer once
more to Guilloton's assidious attemnpts to introduce
imnrovements in the calculation of the wave pattern
23 ,vto some calculations by Yoemikob 8 in which
e wave nrofile (pressure lines) were corrected by
the quadratic terms ih the Bernoulli equation (al-
though the surface houndary conditicn is 1inearized)
and finally s:me sclutions in the non linear field
by Bessho and Jdinnaka 4 . 5o far no counsistent re-
sults have been obtained, i.e. no agreement has been
rezchhed on the influence of non linearity with the
meager experimental evidence as e.g., presented by

Ipui.

1V, fitesistance formulae

A synowslis of methods has been given by iavelock feor
deterwining the wave resistance 2 , wWithin the vali-
dity of linear theory the wave resistance can bhe cal-
culated for any sgingularity svstem moving rectilinear-
ly varallelly to tie free surface (and to fixed ver-
tical walls, including a rectangular channel) with
uniform speed. Investigations centered awvound tiie thin

ship and the body of revolution. unly recently explicit



expressions have been obtained for the slender ship. An
excellent collectibn of formulae so far available is to
be found in Koc?nﬁbkebfs book of which ample use will be
made in what follows [8].

Probably the most urgent problem is at present the eva-

luation of Havelock's integral representing the wave re-
sistance of source-sink sheets q(x)y,z) distributed over
the surface of the hull 7

4 ,z”
R = fyr/azgz / H(ﬁ)! sec’ G oA © (11)

with

H(e) =Ji/fc7(x, o, ) exp [}c sec &2+ 2x cos 9+ijrrh€ﬂo{5(12)
k. 4

or another form based on the surface equation y(x z) as.
given by Koemwkob.

. gggﬁ/(f.f])m%éé i)

Is e |
JJ it 3 ”44) w; )“’( ‘-é{z)(-ic/ o'z

J = (14)

Here is the function, which is obtained by solving the
integral equation for the singularity (surface) distribution
a(x,y,z2)

a(x,7,2) = ¥(x,v,2)ay = X(x,7,2)2v cos(n,x)

Michell's integral may be expressed by the same formula as

(13)
but with

oF (15)
//exf)((as‘ﬁ c- (wso‘)a‘% ol x D/Z
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The comparison with the ellipsoid suggests that ZX' for
elongated ships may be close to unity. Thus the essential
difference between Havelock's (general) and Michell's in-
tegral is due to the factor cos %—‘;ﬁ&

We are comparing now results derived by the complete for-

mula and by the simplified expression

J’(’—' e [ ELoA- '2—;{-.,1&0/
o X _/]“f’( :m(ff 7 sy ‘9) % 16)
o

and are hoping to present numerical results in the near
future. At Ann Arbor at least one lecture is announced
which deals with the resistance of surface distributions.

Corresponding resistance formulae of more general charac-
ter have been derived for the motion of the ship on shal-
low water and in a rectangular channel [jBE; explicit ex-
pressiohs are available for the vertical force Z (in case
of asymmetrical ships the side force Y) and the trimming
moment My also for the shallow water case. These formulae
are based on the pertinent expressions for the unit source
or dipol.

The most general resistance formula is that for a body
(asymmetrical with respect to the xz plane), moving in

a rectangular channel excentrically ,8‘ .tt is valid for
a surface ship as well as for a submerged vessel, The es-
sential difficulty consists in the determination:of the
appropriate surface distribution of singularties. While
the formalism for submerged bodies has been established
it is difficult to develop similar methods for the ship
floating at the interface. The work is greatly simpli-

fied when instead of the body shape discre¢é singularities
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and sinpgulartty distributions are presented; reference
is wnde to earlier work by davelock and Lunde “2L, 8 .
A large amocunt of evaluating and computing will be re-
quired to obtain results useiul for application in

nractice.,

fhus, in principle, ample information is available to
check the tiin shbip theory. The aquestion arises as to
how far second order effects must be considered and up

to which liwmits linear theory remains meaningful,

tarlier irvestigations by ifHavelcck 24 and nore re-—
cent ones by Bessho  4‘ indicate that these second order
effects can be larze. iteference is made to the chapter
by Bessiho 4 1in which to uwy knowledge hias not yet been
properly acknowledged. Impressive pictures show the in-
fluence on the magrnitude of resitstance by considering
second orvder approximation and non-linearity. We exnpect

titat wiuch will Be done in tihis field.

Maruo 25 has reconsidered conditicns under wiich
Michell's lirearisation is wuermiszible; it appears that

o

‘ ;B . - . .
thie spreed paraueter 5 must remain small., Some indi-

rect information on non-linear effects can he derived
from iessg end smith calculations of the velocity distri-
bution around deenly submerged double models as a func-

tion of the bheam 8 .,

Several atteupts iitave been made to relax in a more or
less intuitive way restrictions on which Michell's theo-
ry is b#Psed, Once nore we mention Guilloton's original
ideas to improve assumptions which are almost prohibi-
tive from the noint of view of practice. ilis oeuvre has
become So impressive that it deserves a thorough critical
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review by a mathematician who is Tamiliar with naval
srciitecture, it shculd be an interesting and useful
subject to investigcate nnd eventually justify the in-
troduction of partial departums from linearity into

linear theory.,

finally, tie solution of the nonlinear problem becomes
urgeunt at least for simple cases which admit to apprailise

m . . . . . . i
errors comittedby linearisation as was done by Bessho.

whiile inp the iield of engineering sciences the bookish
wicdom in peneral lags heirind research activities a re-
versal existed in our studies insafar as the aupie in-
foruntion stered in the books hyv Xoc: ~kob, Bessho etc.
ias not vet been widely used, Cbviously, this anomaiy

will bg corrected by our seminar.

So far we have based our treatment upon the singulari-
ty concept. Difficulties in principle arise e.g. when
we try to determine adequately the surface distribu-
tion of surface ships. Here Michell's method of solving
the boundary problem appears superior; it can be gene-
ralized in such a way that nonlinear effects are con-
sidered. J.J. Stoker and especially Wehausen have shown -how by a
how by appropriate expansions further approximations can

be constructed. The latter has obtained some elegant simpli-
fications in the process of developing a second approxima—
tion. Fossibly the most elaborate investigation in this
direction has recently been given by SSisov 45 . Expan-
sions have been introduced in powers of a parameter

for all important items including trim and sinkage, It

is shown that the method can be reduced to the determi-
nation of singularities located on the longitudinal sym—
metry plane, tlerefrom, obviously, results a restriction

in the-olass of ships which can be treated by the method.

[ ——

Ova
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it fills a gap in our earlier reasoning. But notwithstan—

ding the generalﬂtyy of physical assumptions the practi-
cal us may fimited when dealing with vessels operated at

high Froude numbers because of the geometric restrictions.
It is assumed that this problem will be treated thorough-
ly during our seminar, :

blems the salutions of whicech should be better known or
formed. From Kocmiwkob's book we quote the formula for
the resistance of a tandem arrangement of n identical
Miechell shipslocated at an equal distance Lx between
their midship sections

3 S'\w"' (—% "y A L-x)

& 4L ) N dA
R“’ R S‘m‘(i_ch_ | -Ul’ +J2) ;o gl
: - x) : -

1

From this expression the optimum distance Lx and various
asymptotiec properties can be derived.

Another complex of interest is the determination of the
wave resistance caused by local peculia¥ities like bulbs,
bossings, damping plates, hadrofoils etec. Some ideas were
developed on this subject already by Michell; the investi-
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sation of the bulb is now a fashionable topic; some
zeneral ideas on local effects have been umentioned by
shor. But to be definite, an explicit selution is lank-
ing e.g., ior a system consisting of a vertical strut:
and a norizontal body of revolution i.e. the scheme of
tie norinal fecility for testing the (wave) resistance

of submerged bodies., .Je may anticipate here that be-

cause of this gap in theory (pnlus deficierices in the
exverimental setun) the comparison of experimental and
theoretical resulits for these oo far mnde was
suniect to cousidernble eryors Yy even 1in @ope cases
2l ost meaci ~ a deplorable fact sinCethe sub-
ierged body lends itself to better thecretical treat-

A sihort remari on nressure systems., J.lthecugh, llogner's
intezral hasz been communicated zlmost at the s me time
wiien micitell's {oraula was rediscovered and applied.
sodest us~only uas been iade of tie former important
luticn, seference is wmade to Sedov's and lleldysti's
work dealing with the resistance in a rectangular chan-
. .

and 2 thorough cvaluation by Newman 29 1}

Some phyvzical aspects of the nroblem of resistance in

a rectangular channel and “to—a—thoreugh-evetuation
arising in restricted water will he touched upon. It is
onvious that tie limits of linearised theory are reached
errlier than in the deep water case., e cannot expect
valid resistance results in the critical speed range
when the depth h is small (when dealing with ships
'small h' means snall Q{); further difficulties arise
when T/ is close to unity. in open problem is that
dealinz with phaenomena occurring in channels with con-

stant but not rectangular cross secticns.



SJhen inthe subcritical range G,6<:Fh,wave resistance

on shallow water begins to increase; ccnditicns arise
witich are gimilar to trnose on deep water but at higher
froude numbers. (Ossciulichting's hypothesis). .n im-
sortant effect 1s the trim. #hile at low and medium Froude
numpers trim cannot serve as useful criteriws for resi-
st

nce, excessive trim at nigh ¥. or at Fy close to uni-

ty is detrimertal. The advantage of the transom stern in
tiis ranze can be thus 'explained!'.

As dynamic 1lift is involved in these phaenomena many au-

thors borrow the concept 'induced drag' to explain some
of tiie effects mentioned, Obviously, this concept is le-
itiuwate e.v. inthe case of finite span Lydrofolils when
erergy 1is actually dissipated by & precess wiilch can be
cescribed Yy the action of a vortex or vortex sneet. How-
ever, it is erromneous to introduce 'induced drar' as
antithesis to 'wave resistance' when such a4 vortex scheme
is not appropriate. Dynamic vertical force and moment of
trim of sirius can be ‘explained by wave action ; bodi-
ly sirkage and trim calculated by dichell's integral al-

. Wi .
rendy chechs nlcely}$§per1mental values.

fhis reasoning anpplies especially to fastreunded form craft
{with transon sﬁern). ilere tihe design rule has been pro-
sosed to reduce dynamic 1ift to zero (better to reduce
trim); tie exnlanation, however, appears erromreous fol-
lowing winich by such means the total resistance consisting
of induced, wave and viscous resistance should decrease
because the Tirst conmonent - tiie induced dvrag - disappears.

Actually tihe wove resistance can pe reduced By aiming at a

moderate trim. Thase summary remaris show how far our state
of knowledie is wunen dealing with shivse in the range of

tronsition hetween floating and planing.



fosgsibly, however, consideration c¢f pressure distribution
will lead to a reasonable resistance theory for high sveed
craft. A first sten in this directisn we see in the work
on ziiding surfaces especially for those with low asnect

ratio .

Beside the linearized hydredynamic appreach there exists

an elementary hydraulic meti.cd for treating resistance of
gtips meving in a (rectangular) ctannel, This theory nro-
moted especially by krey and breitner is hased on the con-
tinuity and Bernoulli's equations and makes wide use of the
concept of suptercritical flow; notwithstanding its simpli-
city it yields a good physical understanding of impertant
nhaenouera. Thoe value of the metiiod decreases when the
idistonce of sidewalls increases, It is inapplicable for
infinite breadth of water. Nonetheless atteupts have been

13

- . . n
aade to make qualitative us of such narameter as —— for

determining local critical speeds (analozous to vrobleums

in compressible flow). Chviously, these items can now be
calculated with comparative ease; further, the augmenta-
tion ¢f vigcous resistance can be determined and the atti-
tude of the model., |

Actual local depth h' due to changes in the water level uust

e congicered ratihrer than the undisturbed deptit h,

ve .sentioned the limitations within which linear theory
preszents ugeful information, Nonlirnear treatment is re-
quired in tae range in which stiallow water effects beeome
strong. it wust be reumembered, however, that non steauwy
effects become important when the local critical velocity
is reacuacd,; tuls fact couplicates tire situaticn further,
deference 1is mnde to investizations by Laitene and Scuauster

on supercritical around hydrofoil moving cloese to the free
flow

surface.,
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Co wehlicenting's well known hypnothesis on the shallow
woater recigstrsnce is valuoble as a first orientation:
it is noteworthy as one of the few cases where in our

field useful results have been obtained by simple means,

Ve
ie mentioned that two basic practical needs -

Jo
-

determination of magnitude of resistance in concrete
cases and
2) development of =mood hull forms -

influence in a slightly different way tueoretical
investigations in our field.

k5

.
.

hese two problems are fundamental for tioe work of model
boszins alscy we may suvbsume under 'development of gzood
hull forme', development of means degigned with the pur-
cose te infliuerce wave formation (resistance) locally like

pvdrofoils, damping-plates etc.,

ly speaking in routine work of towing tanks emnphasis
is shifted to the 'exact' determination of the resistance
tude rathner tian to the development of optimum forms

altiisugh, c¢bvicusly, innroving lines is considered an im-
nortant task,

The development of good hull forms by experimental wmethods
was based on intudtion, hypotheses, obhservaticns, experien=-
ces and on syvstematic variations of hull ceometry. Thase
‘systematic series work proved to be extremely efficient
in the hands of sucia a highly gifted systematical snirit

lite .W, Tavlor.

attempts have been made to establish exserimentally depen-—
dency of resistance upon main dimensisns, propertions and

basic ccefficients. Notwiihstanding the large amount of
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of high speed computers has solved in prin-

cvetuation of such standard sclutions as

tiie resistance inte:ral for

inte;ral and

revoiution. Nonetneless, even hrere the de-
of anpropriate metaods remains important

systemati®ing results

inding dependencies of resistance upon form,
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andz hull function., The first solution has been given
by Michelsenw[éql using hypergeometric series. Another

wetiod 1s due to KMichailv [87 . itere tune permanent part

’\

ias been taulated as a function,

{F{a,b), based upon expansions by K and Y (Bessel)

functions.

The wave registance 1z ziven by the relation
C/?,z. 2% fl o) lS S ()

41, x DF

ror the determination of the resistance of elementary

ships at low (and even medium Froude numbers up to

F = ¢,3), Inui's expansion has been used With best

sunccess, + similar development has been pronosed by

Hagkind.,.

Asymptotic expansicns are available for very low an

very iiigh f'reoude numbers. Yell known 1mportant re%ults

are /? " z[.z ",!4;‘1. /{? = )

/’? ~ 47[4 /0_ S o

Tables are available for the coumputatiocn of wave resi-
stence of foruws hased on polvnowial distributions, .iiost
refer to :iichell shlips, some to submergea bhoilies of re-
volution,., .Llthiough the availability of nigh speed compu-
ters reduces quite generally the ne

/

ed for tabulation, it
accears aidvicable to complete such tables e,g. in the

rence of Duib forms since they enable a good survey.

. ilusnresasive aunocunt of numerical work will now be re-
guired for evaluating more complicated integrals, in

tire first line ilavelock's foramula, ‘e expect from these
results information on the dependency of wave-resistance

upon main dinensicons - an important problem which can



be solved by Michell's intesral in a gualitative manner
only, Frobably, it will bhe necessary to consider the
intTiluence of the free surface c¢n the surface singula-
rity cistribulion for a large range cf (excent low)

Yryoude numbers.

Beside wupon aroportions tie dependency of wave resgi-

siance nas been investigated upon

3

1) the shape of the sectional area curve

{(2) v+ v 't 'Y waterline area curve)
y v "'t Joad woterline
43 Vi t ' 'Y main section.

30 for results are obtained for thin ships and bodies

of revolution. By far the most important research deals
withh the sectional area curve s{x) since it yields the
most fruitful results which theory can contribute. Spe-
cial resistance formulae derived from kMichell's integral
are almost trivial since they coincide essentially with
the expressions derived for elementary ships. Actually
thie elementary ship concept has been introduced because
of the preponderance of interest in the longitudinal di-
stribution of displacement. hore interesting are recent-
ly developed formulae fdr the slender ship which again

, . | oY Tag T Ty s
are based on the sectional area curve A(x) 31 25 .

4 large amount of wave resistance diagrams have been
published wiilch are based on systematic variations of
elementary hulls or A(x) curves. Of special interest
are thiose where conmparisons are made with experimenfal

results.

iuch less invegtigations hliave been devoted to hull forms

winlich depart from elementary tyvpe. lere the influence
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0of the load waterline 1s the wmost interesting item,
f'or a reasonableg wide class of ships explicit results
are readily obtained by auxiliary tables 8o far pub-

lished,

The dependency of wave drag upon the vertical displace-
ment distribution can be easily estimated for simnle
siilips. The well known rule results that it is favorahle
to arrange tire displacement as far away from the free
surface as possible, This simple rule does not hold,
hiowever, universally when complicated interference ef-

fects are involved,

A congicerable amount of inforwnation is available on
tiie wave resistance of ships &and pressure systems mov-

ing in a rectanzular basin ({tank corrections') 29 29a

I

Vii. Saipg of minlmum resistance

e gtart withh a synopsis on wetiocs for determining forms
of mivimuw wave resistance and on some obtained results.
The literature is incressing ranidly. we guote svnecially
a recent memoir by Shor 5327. Its title is promising being

free from proparande effects, The aumount of information

nresentsd 1s imnyrssive, still more the mature judgment

of the author both in the scientific and technical field

although heis a newcomer in eur family. - _._. 7 -ront, e
hope that the mathematical auproach (the etirod of steep-

est <escent) suggested by the author will he as fruitful

in our case &as he anticipates.

Tire status of a newcomer causes some errors when treating
the history of the subject. MNo adequate ciedit is ziven to
Havelock's work. Since similar slips are typical for the situa-

tion, 1 shall sive a more extended review of the develou-

a2
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ment of our subject than necessary. ¢n the cther hand
some problems especially those investigated by Inuil and
dozner nave been dealt with so lucidly by Swor, tiat tae

tiitere 1s n¢ need to cwell on them.

i. The nrioritv in treating a problem in our field be-

lones to Joukovsky 8 . ie solved it for a wallsided

vessel with pré%ribed displacement advancing at a
. v ~ . )
supercritical sneed Fh = —==3— /2 1, he accumed further

YV in

that the ¢r2ft T 1is almost equal to the uniform depth
of water h, Thus he investigated essentially a twodi-
mensional pnroblem, As ontimum waterlire form f(x) a

o1

comnmon parabola is obtained,

The pertinent expression for the wave resistance is

] ‘!,\ - . e .
ziven oy.: % - L g / = /4 ‘i
2 on /'J h { /PDLJ 1 PN o 5 /
i = —:-'*—';—“:’:::""' i —’—J‘ J (M“‘.’x' : -r‘- e A/"‘ ;5 “:7-" x (/0" )
w Ve 7 Y & P / o

j/ oo v’f) @

Clearly, the wvphysical content of this theory 1is meager,

2. Thhe present writer's first attempts are based on Michell's

intexral >33,. The limitation due to the hydrodynamic
theory and to #itz's metihiod have been clearly stated
already in the original paper. A variety of isoperi-
metric problems wnich are useful froem a technical peint
of view have been discussed. There are two weak spots
in the investigation. Although the need has been re-
coznized for iuntroducing terms which piciure a bulb
form exniicit results including the latter have not
been aimed at. in the light of our nresent knowledge
tire omicsicn of the bulb eleument {(which may be an es-
sential feature in optimum forms!) can lead to solu-
ticons which depart from ortuodox ship lines in an un-
favorable manner. Further, in the first publication

nc distinection has been made between sghip form and
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singulartty distribution. This cobvious and far reaching
confusion was corrected when dealing with hodies of

revoelution .

3. By apulying tie exact metihod of the calculus of varia-

tions to .:iciell's integral Favlenko obtained the inte-

7_‘£a1 equation L8rﬁm » . ) },{J;L‘_
/ f A s vz ) cosloedt (=2 )
//,Q.' 2/ Z& J’ gxygé‘ff/n { Vs A 5/ 11 _/
= csm il {/‘]l,’
4 .
/ / /_/,4// 2/(){'1 (/ = 'VL f—Cch’)/:
O -g

which underlies most of the later investigations. ile-
sults ave been obtained for the infinitely deep ver-—

tical cylincder (pile) by solving the simplified equation:

4 e Lo
’ P - 1 e 7= R
— -’;/Z,/Xl 1'7‘0("‘/ ,/ (GUJ/;"‘/'-\ ""1/!,/1:_—/ '"(ul”:l/
r B /( Jed 2, = ot
/ x,
M N e x Dta e o |
///",/ Y‘,f_ STl {/X—).,//D/AI = Ce? (,J())

-~

-£
numerically. Although the author fourd that in a cervtain
ranzge of the FProude number nc 'reasonable' Fforms were obh-
tained ize presented a collection of alwmost orthodox water-
lires wnich, however, at high Froude pnumbers became ex-
tremely full., in the light of ocur present knowledge the
shape of most curves 1is decisively influenced by the an-

proximations used in the numeric solution.

4, urthier progress is essentialiyv based on Favlenko's equa-
tion. bxemnticn should be made for a less known investi-
cetion by Basra wio optimized tihe waterline forms of
ships moving on finite water depnth., ior r 7'1 Joukovs-
Ky's result. is again obtained - the best waterllne is
a coumon parabola éé]o
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independently from ravlenko, v.bharman derived as
optimum condition for a pile the integral equation
(35). e statcd that wost soiutions so obtained
violated liichell's assumptions, since the 'waterd
lines' ended with infirnite 'horns' at the bow and
stern. The manuscript presented before the 1IV.Int,

conegress of Appl. Mech. (Encland) and some letters

by v. sarman to the present writer coerntained a lot
of information, Unfortunately thie manuscript never
was nublisned (except for a tiny synonsis); entw
tiius o3t results were lost and rediscovered later
orly. "he paper stirred un 2 let of {partly fruit-
less) discussions. it is a deeply felt duty to de-
vote these short remsarks to the memory of the genius
v. harman. sretensky stated also that the optimisation
of Yichell's integral did rot lead to functions which
are scuare integrable, At t.1s point the develipment
slowed down for scmnetine.
iaterestinyg irvestisations were due to Heogner wio indé-
cates means of improving ziven shiplires (ilovner's origi-
nal aperoach has veen highly praised by Shor), and later
to Guilloton 37,. vurtiner reiference siculd be made to a
naper by osisov 8 , he minimized the wave resistance as
well 2g the turust deduction. The presert writer is ac-

guainted with a shoert abstract only in Kostyukov's book,

The linre of investigation aimed at immediate application
has been contivnued by the nresent writer using :ditz's
method. Yollowing eariiler idess an attempt hias been mede
to winiwmize wave resistance plus a term wiich in simpli-
fied Forw tnkes care of fricti~nal resistance., The di-
stinction btween ontimum doublet distribtuticn and opti-
aum huall form has been carried out for surface ships as

had been done eariier for subumerged bodies,
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Jetrtauszen hasg tried to obtain forms wiiich are closer
te shipbuilding practice; he [ixed the shape of the
afterbody with the nurpose of avoiding deirimental

.
viscosity effects (separation). 38 .

The exact calculus of variations problem ('Pavlenko's
problem') for :iichell's integral has been studied by
Kotik and others and has resultied in a sclution pre-
sented by Larp, Lurye and Kotik wiich for the deep

. . . y . e
imserced part of a pile can be considered as final 5 .

Although siwilar results have been found easraiier we
conzider <o cgecisive achiievement the cleareut distinc-
tion wade between optimum distribution and hull (water-
line) form and explicit examples of both for various

t'roude numbers.

the swkward optimum distribution forms

2t the ends) the present writer together

and Sharmsa reconsidered the problem of op-
timum line doublet dictributions faor submerged bodies

of revolution, using again Hitz's metiiod. Contrary,to

the earlier attempt,heside the continuous doublet di-
stribution con ntrated sources and doublets were ad-

witte” ot the b

o

»w oond stern § . Luchh 3 ¢dourlet pic-
T

tures ieacornably well the singularities in

e

2
digstributicns mentioned abeve., Following new results

were obtained:

i) by adiing a ceoncentrated source at the how (sink

at the stern) to a continuous doublet distribution

a bult effect is achieved, i.e. the resistance is
gppreciably  decreased in a wide range of the [Froude

number.



[\V]

Ly introducingz a discrete doublet tiris bulb effect

is iucreased. is compared with 1) the resistance is

orice more reduced in some regions of the Froude
namber By an order of magnitude. This indicates
that bow (and stern) parties should be designed

with utwmost cere, rom a practical viewpoint we

remark, hcwever, that the resistance reduction ob-
tained by i) can be already so drastic that the

gain by step 2 ) is no more decisive,

This result supports the conclusien derived from other

more gzeneral considerations that frequently it does not

pay te look for the ontimum and that more orthodox good

for:ns may be preferable.

3)

Py th:e additions of discrete sinsularities optimum
distributions are obtained wulich frequently resemble
more clogsely orthodox ship lines+ especially the ften-
dency aprears reduced to generate extreme swan neck

ul

Icrms.,

Ve expect that similar procedures will be useful

when minimizing more general resistance integrals.

A lot of useful isoperimetric problems can be foruau-
lated. shiile we have e.g. frequentiy kept tie nid-
siip section (bheam) constant favlenko adumitted a
variation in the beam. Juite recently lLandweber

made a similar investigation on bodies of revolu-

tiofﬂo

wegistarce relaticns based on surface distributions
lose their advancages wihen optimum vroblems are

treated gince it is difficult to imagine that such
problems can he solved leaving the hull form dande-

termined, 4 witty suggestion has been made by Shor

to adnit additional singularities distributed e.g.
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cver the cenierplane. The wicle system is subiect to an
optinmisation in such a way that the original hull is in-

creaced,

+hile we try to increase tne generality of cur solutions
problems are meaningful esnecially from a practical view-
polint wiiich are solved under very restricted conditions,
iieference 1s made to a calculation by karuo based on his
slender body formula when t = ¢ (cruiser stern and raked

stern!)

irarallelly to the work by Karp, Luryve and Fotik we qguote

~

o pancr by Tissan snd Vossers &0 and earvlier investiza-
tions LV KreinfB . The latter kas obtained optimum di-
stributions woeilchh ~yree with those by Larp etc., but a
decigive sten is lacking - the distinction between the

distribution ornd tihe resulting form.

it iz a s#d {ecet that high abilities and lack of criti-

cigsm can exist side by side.

An errconecus impression 1s created by Shor following
which up till now optimisation has been treated in a
style winich indicated that j: st somethiing should and

could e done,

firstly, one siiould remember that the vrceblem of accu-
racy was a difficult task before tie arrival of fast
couputers. Becondly, numerous attempts have been made
to iuprove well developed foims e.z. of a racing boat,
a destroyer, fast cargo vessels etc. Hesulis were some-
times satisfactory but more frequently disappointing.
when slight gains in resistance resulted they were in
general not large enough to coumpensate possiltle dis-

advantages from tne point of view of construction (e.g.
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the case of swan neck forms). Occasionally results were
inconclusive, sometimes even disastrous. A large amount

of judgment is needed when applying results of approximate
(Michell's) theory. It is expected that improvements in
theory, development of semiempirical solutions and progress
in numerical work will increase the efficiency of pertinent

work.

When vicosity effects are considered by semiempirical
’ methods it appears promising at present to start with the
study of the wave iormation rather than with the formal

ideal fluid case since actual phaenomena depend heavi-

ly upon viscosity? In the neighboring field of hydrau-
lic engines the opinion is widely spread following which
concentrated attempts in applying methods of potential
theory yield meager results oniy, In ship hydrodynamiecs
we do not share this view; we consider it indispensable
to treat the various sources of energy dissipation as
thoroughly as possible and independently. Progress has
been hampered by mixing results due to various effects
which are neglected in simplified theory.

Exact theoretical investigations on the influence of vis-
cosity on wave resistance are searce. Well known is a
first attempt by Sretenski in which the characteristiec
boundary condition on the body is neglected f42]. In ge-
neral semiempirical methods are used. Haveloeck has intro-
duced an effective hull shape by adding the displacement
thickness of the boundary layer to the actual body. He
has further described some effects of the frictional belt
by changing the strength of the generating images in the
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atterbody,; Havelock's and +wizley's correctiuvn coefficient R

can be interpgreted in such a way.

The crocecdure was improved by bmerson wiao 43 intro-
fuced two empirical coefiicients sud tnul who refired
the phvsical ianterpretation as well as the formalism and
rezscied zood agrcenment between calculated and measured

wave resistance values 4 .,

it is 1o be ewpecited that the semiewmpirical procedure
will be arn important topic at our sewminar. .'e shall there-

Tore not dwell upon them.

Astonishingly, the exnerimental determimation of the
it | ) T

wave resistance iras been neglected for a long time., ‘e
e

shall give h a short critical review of exnerimental

® @

iethrods. Some lLiave heen widely used by ..orn and his

school but only nmore recently internationnlly adopted

4

and developed,

Attt

,,
)

osresent state of knowledse it would he preferabl

to slan experiwents with the nuryese of increasing our

Lo

ining resilts waiich
re lumediately arnlicable to wyancetice. Lctunlly the nun-

i O . g 1 4=
ey u‘i 5-.6‘;1 4t

icamental experiments is still surprising-
ly small, The caortcowmings in exnerimental vprocedures

in tine interuretation of resulis are numerous,

The wesikness of the classical Froude method is now uni-

versally recoznized, Instead of the relation

Heo ¥ Rrest (Z’/)

attempts ore boiny made to introduce the improved relation
Ry = Ry o+ R P RO (<)
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andg 1 an
VW

ly omitted,

whevre kv is the total viscous resistanc

interference term. Tiie latter is genera

V]
b D

we obtain
$, = H _+ R 23)
t v W ( !

where ﬁv iz sought for in the form

iy = (1 + n) R (e4)

with n, tie forwm factor, iudependent cof the Froude number,

fa}

fhe 'new' approach is physically setter founded although
neglecting the interference term va may cause serioun
errore. .. roeugh estimate of ﬁvw ic freaquently made by
calculating ths cinange of the wetted surface: due to the
(thhe effect is pronounced at ¥ 0,35).

2l viewpoint the determination of the to-
istance appearsg »s a problem of equal
scilentific welght aos that of the wave resistance.We discuss
the former as means for finding the wave drag.

tesentially four (six) methods are known for determining

the viscous reogistance. .t would have been more consistent to
formulate methods for determining wave re51stance,

. souble models (F"8ttinzer's method)

i
2. Total resistance at small Froude numbers when RW G
3

3. GGeosin exnperiments

4., Tulin's imnulse metihiod

S. Ag Tifth metiod we may consider the roversalyto the im-
proved i'roude metinod, i.e. firding fron ﬁV:E - H it

B At
t w® 'w
iz determined from wave configurations senerated by th

6. "inally the same equation is used but B  is calculated
W

(at small Yroude numbers); this is a ~eneralisation of 2

Various objections hove been raised arainst 1.. In prin-

v
iple, they refer to the neglect of viscocsltyv-wave resi-
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" Lexferopcn an effect wnich may be stronger than

anticipated. well fto thne point is a crlthlsm/éopfrlments
conducted, 1t 1s slighitly disturbing that the evalua-

tion of souwe exneriments with deewnly submerged hodies
pushed to high Revnolds numbers yields constant co-
efficlients Cy =«é§jﬁr? rather than congtant form factiors,
srrors <¢ue to neglecting wave action are possible in ear-—
lier ezoverimentg;further, at tihe comparatively high speeds
involved, the wmudel surface occasionally may be no nore

gmooth hyvdraulically.

Iits “derived Hy method 2 are still umore guestionable.
l.erge wodels are a prerequisite. Well krnown and justly
ed are lawminar effects whiich generaily lead to a drop

v t

, the curve ct (F) increases with decreasing F 1in

sucir a way that its gradient is much steeper thian would

g
Y
the ¢_ = ¢, curve at very lcw speeds., Sometimes, how-
r

corresvond to the relation C, = (i + n)e Zeference is

_t.
made to a substantial paver by Owschlicihting ,44 30,..'

4 meaningful determination of the form factor n 1is in-

possible in bhotii cases nentioned.

An imyressive number of Geosims hrave been tested, bhut it
is doubtful if the ample material is always accurate
enough for wave resgistance research and if it has been
efficiently evaluated. There are some recent experiments
wirichh cigclose a wigh variability of the formfactor

n = n(F) when evaluated over a large range of the Froude
pumier tihus indicating a strong wave-viscosity interfe-

rence eifect,
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Notwithstanding its generality Tulin's method has been
applied in few cases only. Obviously, the experimental
investment is considerable. The same applies to method 5 .
The first attempt has been made to my knowledge some

50 years ago by the Berlin tank where Lacmann and later
fLisner planned to derive the wave resistance of a moving
vertical cylinder from stereophotogrammetric wave pic-—

tures. The task was a failure,

At this state of art it appeared urgent to determine the
wave resistance of a simplified hull form based upon all
experimental methods available and upon theoretical rea-—
soning. Mr. Sharma, to whom the work was entrusted will
report on his findings before this seminar, Similar re-~

search work has been conducted at other places.

Substantial experimental investigations on the resistance
'components' have been inspired some 30 years ago by Horn.
Laute’s 26 measurements indicated that the wave resi~-
stance of good ocean going cargo ships is small at econo-
mic speeds. This finding has been substantiated by theo-
retical work on forms of minimum resistance although be-
cause of limitations of theory quantitative results are

not too reliable.

But astonishingly, in tank practice and when planning sy-—

stematic series this basic fact has been almost neglected.

We refer to an ample literature dealing with a comparison
pf results obtained by measuring and calculating wave re-

sistance. We wish to empasize some points only.

1. There are some Russian investigations 27 dealing with
the resistance of ships moving in a rectangular basin.

For h/T and b/B large the qualitative and even the
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guantitetive asreement hetwee

{

n ecry and facts
{except close to ¥, = 1) is so satisfactery that
t

i
h
he calculated correction fac

tarnk vork “reu10t10n727

2, Ltteution is drawn once more to the fact that com-
norative investizations on the wave res ance of
fully subpsmerred bhodies suffer from inad ate ex-
perimenting and gapsin theory.

3. There are casges where (iichell's) theory failed to

explain important phaenomena in deep water resi-

stance. e coucte an experiment by D.W,Taylor in the

range of I = ¢,38 39 ; here (ccirrary to theoreti-
cal predictians and well known syste otic tests hy

Tavior hiuself) a hull characterized by a V-

'.!)
g'w

hape
bow and & sectional area curve with a low t-value
wos o zupericr to orthodox U-forws based on a sectio-

nal area curve with a uizh t-value,

snotoery varaoxen is the indenendence of the wave resi-

stance on tiie /0. ratio {wit:iﬁ a wirie ranZe oif this
LRI Eagier hin of tae Jyouade punmber close to
Co= L300, anation by Lnul s been usefunl, but
it is not 4 .

Juture work in tiidis field will rest on wmore advanced

t:eoretical work and will rely on crucial experiments
rather than on systematic ones. To supply new infor-
mation we qguote a paper which is in the nrocess of
publication, although in the wnresent state it does

not meet the criteria just mentioned.

The Tirst part of the study deals with {tihe resistance
9

4
of o family of snalytically definédd elementary ships,

~16-



part of which ilud been invstigated earlier, 1t is the
purcrose to deterumine tite viscous resistance moreaccu-
rately theneerlier (so tiiat tihe comparison of experi-

mental znd theoretical wave resistance can be reason-
2bly well icunded), to establish some basic dependen—

cies of A upon B : T, UU = ¢ etcs using iichell's
vy :

&

and savelock's ({(reneral) intesral and to check some

simple rules of thuwb much used in design work,

S50 far following results have heen obtained:

Tine mavnitude of the viscous drag determined by double
madels «nd by the normal model at low Froude numbers
avreeg to some extent but not too well; experiments

are continued.,

valculations of the wave resistance indicate thats in

our case at F = U.,1 - 0,125 asymntotic conditicns are
() \

avoroximately reached (R~t“): the wave resistance he-

comes neslisible.,

30 iar coi

nutatiocns have been completed far Michell'sg
intesral only. The comparison with experinment supnorts
tiie fact that this formula exaggerates extremely fa-

voerable and unfavorable effects. (Figuresltﬁf&?)

althoughh we do not stress quantitative coincidence the
azreement is good for formswith ¢ = ¢ = 0.56 ond 0.60

B/T ratios tested.

I%

s
Q
=~
Q
et
et

The oririnal zlan hasg been akandonred to construct and
to test 'Inuids' (~enerated »y distributions which are
affine tc our gectional areacurves), since the evaluation
of lavelock': integral fulfills the same purvose in a

more satisfactory way.
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T"he second wvert is devoted to an important conclusion
mentioned hefore from Michell's integral, following
which to small changes in the longitudinal displace-

sent distribution may correspond laorege varietions of the
wave resistarce, i- Ureso{oﬁ.i.. show the sectional areas
of the two elementary ships frowm wibich the usefulness of
analytical representation becomes obviocus (it is diffi-

-

cult to describe the small differences by words): farther
results oif resistance calculat ons and experiments are
shown.The wvecial case ihere discussed has been treated
eariier bat isnow recoinsidered in a nuch more substan-
tinl way because weok spoteg were detfecied in our origi-
nal study when tile resistance computations were some

time zz0 ewtended to hizher 'roude numbers. Gnr recent
invezti:estion coenducted with utuwost carve snd extended

to twoe more dinit heam rvatios has winolly endorsed the

sualitetive agreemnent between theory and iacts found

arlier,

o

our
. 56,1

as distributions, The sectional area curves of Bhoth

E]

weveral wears age Inuids have heen computed ngin
2}

~
Nt

secticenal area curves - 2,4,6;0.56;1 ~apd 2,9,4,

inuids so generated differ less than the dipol distri-
butions - 2,4,6;0.56;1 - and 2,3,4;0.56;1 .

Je are hoping that the evaluation of iavelock's integral
hased on the determination of the pertinent surface

distribtutions q(x,y,z) will lead tc a cleser cuantitative

azreement with experiments.
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Conclusions

Our subject 1is a central problem in ship theory. Since
no useful theoretical results are so far available for
real fluids and not much progress can be expected inthe
near future because of the state of turbulence theory
present efforts must be concentrated upon theoretical
investigations of ideal fluid phaenomena and upon an
experimental and semiempirical approach when dealing
with the influence of viscous effects. Different from
experience in few other branches of engineering science
the ideal fluid comcept is valuable in wave resistance

research from the point of practical shipbuilding also.

Beyond the standard solutions (Michell’s integral,
HHavelock'®s integral for submerged bodies of revolution,
fogner's integral) more general resistance formulae are
available, based on linear theory. They are promising

to cope more efficiently with the properties of actual
ship forms. We are confronted with two important auxiliary
problems: the determination of the surface distribution
for a given body and of the body shape generated by a gi~-
ven singularity system. The process of solving both pro-
blems leads first to the meneepityfofetordtingddponelfnets
afidetsiter to the necessity of treating non linear effects.
But very probably linear solutions will satisfy further
practical needs in a large number oflurgent cases some of

which have been mentioned.

Difficulties in evaluation have hampered progress consi-
derably but have been overcome to a large extent by com-
puters. Systematic exploartion of form properties and op-
timisation of forms can now be handled with better succuss

than before. A large amount of work will be required to
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evaluate more advanced relations with the purpose ofcliecking
and correcting linearized results, As a basic task we consi~
der the new trend to harmonize design postulates suggested by
wave resistanCe research with other fundamental requirements

presented by other branches of shipbuilding science.

Experimental wave resistance research was till recently in a
rather crude or ossified state; theory has almost impercep~
tibly succeeded in pushing forward new methods although as
stated before its influence on tank work in general has been

unsatisfactory.

It is to be expected, however, that the combined application
of theoretical and experimental methods will lead to satis-—
factory understanding of the complicated phaenomena and to

rational principles of design in our ample field.
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