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ABSTRACT

The forces upon a foil moving below and close to a free
surface are examined. The foil moves with a forward speed U andv
is subjected to heaving and pitching motions in calm wnter, head
‘waves or folloﬁing waves. The model is two-dimensional and allr
equations ere linearized. The fluid is assumed to be inviscid and
the motion irrotational, except for the vortex wake. The fluid
layer is infinitely deep.

The problem is solved by applying a vortex dlstributlon along
the center line of the foil and the wake. The 1ocal vortex strength
 is found by solving a‘singular Fredholm equation of first kind, .
which appropriately is transformed to ; non-singular Fredholm equa-
- tion of second kind. The vortex Wake, the'forward thrust upon the
'foil and the power supplied to malntaln the motion of the foil are

lnvestlgated The scattered free surface ‘waves are computed For

".moderate value of Ua/g' (U = forward speed of thefoil, o = fre-

quency of oscillation, g = acceleration due to gravity) it is found
that the free surface strcngly influences the vortex wake and the
fofceerﬁpon the foil. When the foil is moving in incoming waves it
is found that a relatiVelf large amount of the wave energy may be

extracted for propulsion. As application of the theory the propul-

sion of ships by a foil propeller is examined.




'Ix INTRODUCTION

The purpoee of ‘this paper is to study the forces, in partic-

. ular the horlzontal force,'acting upon "an Oscillatlﬁg foil moving

close to a free surface. Our interest iﬁ*tﬁe*pfbbram‘waesfwisedvby

/-i K ;-7"1, r"& Hael n . o“_".__

.a snrles of experlments performed by Jakobsen (1987). He 'studied a

A

_ model shlp moving in a wave field, with a foil fixed to it. ‘The

p~b S
waves cauned a heav1ng motion of the ship ‘which’ resulted in‘a heav-

lng of the f01l By an arrangement of springs the f011 also was-
able to pefform a pitchlng motion' Thebresult was that the foil
obtained a thrust of considerable magnitude ‘Which' dave the ship a

ar

i relatively hlgh forward speed The system was wofk&n§“in‘head waves

as well as in foliowlng waves. s B R Tl Ly
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‘ Jakobsen also applied a set of horitﬁntai fﬁils'fixed o a
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vertical axis in a fan-llke manner. Placed in a wave f%hfﬁ “thid
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fan would start rotating about its ax1s. Accdrdiﬁﬁ'tc ‘Jakobseéti,

thJ.s can be an. effect:.ve way of extract:.ng energS( out -G t‘he waves

th-a—n propufl-s;rng~a sh*j:}p’:.:,,,,,, o L,,,,,All,lll R
P .""“}i- . ,‘,:f(: hiF e R0 'xx.

The idea. that an oscillatlng foll may create 4 forward“thrust,
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Ls not new. The theory for an osc1llat1ng f01l in’ an unbouridéd-

R e t""‘?’"
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fluld was dlscussed thoroughly already in 1934 (von Karman and
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Burgers, 1934) It also turns out that experlments somewhat telated

l‘to those performed by Jakobsan - but far more primitiVE 4 was- car-

He applled lnstaad of a fo;l, a flexlble, horizontal~plate-wh1ch

was. placed in tho rear of the Shlp close to the free surface

More recently Wu (1961 1971a, 1971b) in a series of papers on

'-the hydromschanlcs of sw1mmlng propu131on, has studied the optimum

oscillating motion of a two-dimensional flat, flexible plate. Since



'efoﬁﬁa'a thin flat plate. The fluia'layer~ie“anppgge§ to be of . .
" infinite depth. |
' As appropriate mathematical tool we shall apply the thaory..of
inteqrai#equiiionsévIt will be shown that the govexninaekgteggggn
equation is a singular Fredhtlm eguation of-first:  kimd. By a3 simple
traﬁiﬁériséiéﬁ this is btoﬁdhtViﬁto“a=form~of an erdinary Predholm

equation of “second kind, which is solved numerically by .a-cellaca-

‘iftlon mathod. T e o Lo DL et e

It is’ found that ‘the free surface may have-a pronounced effect
on thé-magﬁi%ﬁdé of“thfuétf“@fficiency:andfsupplied power. The..
veff;ci is in’ partiCular large for small values of a=Ug/g  (U. =
speed of the»foii, aos freqﬂency of encounter. and-. g = acgeleration

due to gravity). Thus, oscillating  the foil' close -to. the free -

. surface with U ‘and ¢ ‘small, we fimd" when:there. is no inceming

'Qeves, that the,fofward thrust may ‘be doubled without ing;eeg;ag

‘“tﬁe'wegéedﬁEhefﬁy&'Ihfthiiﬁénse"the'ﬁ?ee surface acts.-as.a rigid

wall, enlarglng “the 1ift and the forward thrust.eEQr iﬁrger valuesr

'of 2Uu5and g the ‘surface ‘waves become -important. -The mementum

" 'flux ‘in the Waves-m&j“be”responslble!ﬁor a considerable:part .0f the

i horlzontal force acting ‘Upon the foil. For t<1/4.- the -effect of

tﬁe momentum flux is-to” reduee the “thrust- whereeewfa: ~2>+/4 _the

R effect is usually to' increase - "the thrust. Also ‘the energy waste due

to EEe‘Waves‘may‘be'of“@?iifﬁiﬁﬁéftlﬁc§7fbeingf1n+some*casesfthefr»~

»maih'peft'of the total energy waste.
When the: f01l is moving in waves it- nay extract energy from
the waves for propulsion.For- example, when the amplitudes.. of the

incoming waves and the vertical motion of the foil\are of the same




2. THE BOUNDARY VALUE PROBLEM

v We shall assume that the hydrofoil has a small camber and
angle’of attack. The foil is alao asaﬁmed‘to'hevthinzithough
sufficiently rounded at the leading edge tamkeep..the .flow from ..
“'peind “séparated tWere. For the oscillatory part of the flow the
effects of camhef”aﬁd“thiéknese are then enly qecondary{;anduthe.
ufpll may mathematically be replaced by & flat plate. Furthermore
the amplitudes of the oscillations of the foxl and the amplitudes
of" the ineoming waves dre small. Hence, the boundacry - conditlons at
- 'thé’ free surface and at-the foil may be.linearized, even if the

foil is placed relatively close to the free surface.... .. .

a4 PO

Let coordinates be taken with the orlgln in the mean free
surface of the fluid. The x-axis is. horizontal and the y-axis
: posxtlve upwards,:see flgure 1 The ¥uid“is aseumedelncomprasnible.
and the motion irrotational. Conéidéring”theJpfoblﬁﬁ”fromﬁﬂhisﬁrame
,_of reference flxed to the ‘mean: pnsltlon of the f01l, +the water
flows with a horlzontal speed U along the negatlve x-axls.vThe

flu;dzwelegetygmaggthgn_pe_wr;tten

-‘; = 7¢ - U;'x . B St (2)

where ¢ is a velocity potential and_h;* is the unit vector along

the x-axis. ¢ satisfies the two-dimensional Laplacian

Er R SN

We shall consider a fluld of 1nf1n1te depth The boundary condition

at y=-= is then

Vo + 0 Ly - T , (2.3)
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‘with

f(z) = f (z

e g e .

Flnally, at the

= Re .Re,
J .1

fo(z)exp(jct)

= : (2.10)
f1(z)exp(jat)
) + f_(z) ,» (2.11)
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tralling edge the Kutta condition is applied,

ensurlng that the velocity iamflnlte at this point. Also, at x=tw

the radlatlon conditions must be satisfied.

3. THE’I&EEG@:L EQUATION

To der1v¢ an integral equatlon for the motion we express

- oscillating in time,
~ the trailihg edge to

Wtherefore expressed as an integral from xs-eghgg' isl. Let

unity located at z=z

o’

| "fi(z) as a coptinuous:distrlppt;on of yortlces. Sldte the fluid is

3

due to the motion of the fbll or an incoming

wave, a vortex wake will be fbrmed behind the foil, exkending. f£rom

X==a, Wiﬁﬂ suffitientjgﬁcurgcy,the wake may

be considered to be located along the line ys-d. fl(z) is

o G(Z,Z‘) denote the complex potential for a vortex of strength -

G(z,zo) fﬁlfils~the'b6&ndary condition at

€He” freé surfa@a, the radiation:conditioms %F‘C§?*f agd (2.3) at

“~y§-o.fif1&z%;tm&ywthan*be«wri;tenw,nwf;,

B P R T e e TN
fTinvsAlxlEJGiz+§:idld§;ﬁw R i d ~—43.1)

Y=Y{*Jjv, where 7y,

Here vy 1is real with respect to i. This is to secure that the

boundary cghdition at

e £

y=0 and the radiation conditions are

satisfied. y is, however, complex in j - being of the form - -

~and vy, are realr+G(zk;O) is derived in

appendix 1, and is shown to be given by




Let now z+x-id (x<1) = from below and above. (3.9} then gives.

af R e
u-iv = EZQ + {Y(E) (z E-ld)d§ + %Y(X)'Avi:#-id (3.10)

Here tHe + sign and - sign correspond to z+x-id from below and

- above, Tespectively.:-and th‘ébagﬁﬁggggqbwghg;iagggfal sign

ifdicates tle .principal value. To identify .y  we subtract ;ge;

~two .equations in (3.10)_f;qm each other. Thereby
Y = Au . (3-11)

swhere A denotes the difference between the lower and upper\value

’IA\\ :

along the cut ==<x<1l, y=-d. To obtain the governing lntegral

“equation we take thé”imaginary part with-respect: to i spf (3,10).

For |x|<l1 this yields | R I T

TLENAT I - SRy ST 51 drf4 _,,v: 1‘ - v : i L& {p ‘{.h .’!;;:‘;
£Y = Img o2+ Fy(8)Img °G(z, foid)ar  zer-ia (3.12)
R R o & L amYoE ren s 2

where v is given by thé‘fihemaﬁic'béundafyfédn&itiﬁh‘at-thé”body
. (,205) .

d - ;
Rejv exp(jct) = (at - U3z )n ,(3.13)

AT

b 4

. T6 find y for -l<x<-=_  we apply thé:fact that the vorticity in
: R SR o

the wake is conserved. Hence

fi:.', PR L ¢ =0
| (g?,- 'be)AS%"“ 0 (3.14)

The solution of this equation is
20 _ 28 R S -
Aax(x,t) = Aax(x+Ut) (3.15)

From (3.8) and (3.11)

y = Yoexp(jkx) —@<x<=-1 (3.16)
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problem in an unboundead fluid Considering fpr the moment the

- r.h.s. of (3. 20) as -‘known, the solutlon of the equation is (see

Newman 1977, p. 182)

1 12_42)% |
n~ny).s:%,412rx2)§[,f:4;;;%;%7(agn)+3(ng)qﬂﬁtﬁfyq_:(3.24)

CLE iy gt el

. Erom}:e;idﬂeﬂcalculation we obtain

B L Tt SR RTINS e 5

% ) -
’f éf—:ﬁi‘%? an = x - 7(52-12»5*‘ g<-14>,,-";~'1:<,¢'<1:v7:-(~3,2;5)

oE

*py usiﬁg (3:357 and (3 18) we may after some algebra write (3.24)

1n the form

, ’ 1 . o
K(x,%2) -~
k(x) + fx(a)—i—g' dg = H(x) + y,P(x) (3.26)
=1 (12-£2) .0 _
AHere the tilde defines the transform s AL s LR

e f., e
l

f(X) = l'f 7( '(—j’-z— f(ﬂ)d'ﬂ P S O P T SRR s A f--:-z(_355!_27) |

e Furthermere L T AL R

R oAl ; . 9. !'i o u
P(x) = -fexp(JkE)[%; da(iii'%_lT) + K(x E)]dg (3.29)

':r-\

4Eor_numg:igal purpgge p(x) may befccnSidgrably'siﬁplified;’Bée

- appendlx 2.

To close the problem we apply the’ Kutta - condltlon requiring

. ‘-..._........-..a.u... MuAvc. YAEE>

( l) to pe f£inite: Hencé} ‘from” (3 ZEY AR TUyIZBY T o e s

| - - _ SERE R
F‘YO‘* f*{K(E)Tﬁé:ﬁ?%% acr - ﬁ(-l)]gT%TT: coee e (3430)

‘Combining (3.30) and (3.26) we finally obtain
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5. EFFECT OF THE FREE SURFACE. NO INCOMING WAVES. -

'§rEQEn£ed N=25 is applied, giving an-accuracy of 1% ar better.

'As a check of the computations the wasted energy is calculated by

(5.6) and by far-field analysis (5.12). .iums o

i N g g R B Pypras e orbe i

i%

To solve the governlng equatlon (3.31) the lncoming wave and

the motion of the foil mm:t ‘be given. “In thie section’there is no

’*;ncoming waves. We ‘shall assuie . that.the foil 1is a rigid body

performlng oscillations in heave and pitch. Its forward speed U

is given by the Froude number

Fr = U/(glf5 | R S (5.1

.?

rFollcwing nghthlll (1970) we write~ the vertlcal coordinate of the

ST () e R%‘j‘*{mja»(wb) Jexp(jot) ¢ « =y oo (5.2)
cEsmooert Ly .v T L b A

where - h, « and b are real. (5 2) speslfies a heaving of ampll-

tude h and a pitchlng of amplitude ﬂey‘at a flxed phase 1a§ of

e 1ty

. .90° before the heaving, with the axis of pltch gt ;,p

The foil will set up surface waves whlch at = x=tw are

"gharmonic anes w1th—wtve~numbers k1,k2¢k? -and.» k43 (sge (3ﬁ51)-

MInethe frame of reference‘Where ‘the: current:: is Z@YO, le%er ealled

the relatlve“frameiof reference,-both.thewsk1v,. \4 a~!,;h-r K2

wave have positive phase velocities larger than - U. The k.,  wave

" has group velocity less than U whereas the k, wave has group

veloc1ty larger than U The k3 wave has p031t1ve phase veloc1ty

belnglsmaller than U, and the k4 wave has negatlve phase velo-
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'x scatter1ng of surface waves: The thrust is composed.of itwo terms: a
suction forca, T , acting at the leading edge, and a sideforce due
" £o “the prassure difference along the foil, T.. Hence, the mean

CROUSE 18 QLverr-By  sow amuen wul o mor MO ey e

where

TP =_{Apsgdx (5.8)

- SR - : . e et

-Introducing the lift . L . acting upon the plate

st L o SR YU o Sk o

AT ";J,_-;:

(5'".87 my be written B i ST

™ =1,

U gt a PR 45 . 1 0

e

Loy
Rl

ApplYﬁngmBIeQ&ﬁp'ﬁormulekﬁginAiglfQQnd to be

T, = %%[Rej(x(l)exp£Qo??}J2 ) o ST s

Wﬁere p 1is the deneity;

-+~ The ‘mean waste of enargy may be shown to be glven by

R Ez(egz-U) '—'TE;it{céi-fU)k_- E cg U) 5 (c g4~ U)

B T P e B S LR

‘.Here/zE (n=1,2,3,4) is the weve eheféy deneiiy o

TS

(R B

=-2-pg|a| . n=1,2,3,4 | . (5.13)

s e e ot i e e e

"apdhlcgn (n=1 2,3, 4) denotes the group veloc1t1es

(5.14)

%f
L

S
8
"

4 =" %(9/&)%
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.. For values. of the reduced ﬁrequency al/U less than about

- unity, figure 2a shows. that the thrust becomes conslderable larger

T

" for the foil' moving ¢lose to . the free surface than belng deeply

-submerged . The figure further reveals, that the eﬁflclency is ’
‘sligh€ly: larger for small values of .a/1. Hence, for small Froude

AU B RS

‘numbers:. and values of the reduced frequency less than about unity,

it is favourable moving the foil close to the free surface. The

interpretation of these results is slmpleg For these values of the

- - “Froude- number apd the reduced frequency, the free surface condltlon

233 SRS LR SETUIN T v L FaE

BHIE B

lcan ‘be . approximuted by. the rlgid wall condition. In thls approxlma-

tien no-waves gecur. Frog.. flgure 2b we see that E increases for
Shesl ortl LT sy

Jdacreanamg:valuor-ofi df1l. Then, using, (5. 12), lt follows that Yo

’Wand thereby the circulation around therfoll, P,’lncreases for de-

Sl

creaslng d/1l. The results obtained above are thus a result_of,the

'ng&ounﬂ*sﬁﬁnmt modified: to apply for an osc;llatlng f01l._”

A typical - feature. I:@vealed in f.;.gures 2 and 3 1; that for T

smaller then 1/4, the.generated waves. play Aan lmportant role. Thus,

s

for Fr=0.4 the..na;gyxgaste dueito,theiyayes,wzw,,;srug_to7603 of

£, -and tfor ‘Fr=l.0 E.- is clese to 100% of g,sWeAalso‘qotlce;that

: “!ﬁﬁe~ﬁomeutumwfluxf' wthaelg'&'«aves'is_.large;Since_th,e_kI and k2

‘ wavésfare'theﬁddminatingfones, the flux is negatlve.iFor T very

fk.r*i

- elose to 1/4f¢both the ~thrust.and the energy wastewbecome ?ery

imall ~“The -energy .flux for . Ky aﬁa”"Kif*?avesfarE‘egactly‘zero*’4~~A*f

‘when- 1t+1/4. and it turns»out:that@themenergy_ﬁlux for k; and

‘4k waves are- negllglble 1n this 1-reglon. More surprlslng is, how-

A L e i

ever,-that;for;;x -gqlose to: 1/4, Yo - becomes very small, lmplylng

‘that the wake is almosthvanishinguduebto the free surface. For

values of <t slightly larger than 1/4’470 increases drastically.
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6. EFFECT OF THE FREE SURFACE, INCOMING WAVES

Let ‘the wﬁva c;uvaticn.=nor of the incpmingiggvgibe giveq_by

'Sin(k iidfy S CT e Ll e . {61)

Mo T %o,
~and Ehmxﬂ@ﬁﬁaﬂﬁﬁﬂdlﬂg gqmy}!z Velocxty pOtentlal bg IRt
Aiffq(zi"; 3@0(%3)%(1§ij)egp(;ikbz) v n e A8a2)

- 'Here a, is the waveﬁgmplltude, ko the wave number of the incoming

L B : {0

. wave, 6=1 for lncomlng head waves, i.e. k0=k4, 6=—1 for incoming

follcwing waﬁés, i.el O' 1fk2,k3. The +: sign-is applied for

incoming k3‘ ‘and ﬁZ"wévii;YEhé - ‘sign’ for -incoming ky andrck,

P LA

waves- put il M- (}_, »‘,;"(yr . - e . Sl . ;:,“"c:'j' Si_-,,

Denotlng the ‘mean wave energy power of the 1ncom;ng wave by

~_Pg. the energy equatlon (. 5) then takes the form
ad CLOARe L T s e b e e
P + Po = TU + E ‘ (6.3)
L o M < U s i
Py is given by -
Py = Eglc U] , 1 (6.%)
| KRR R R T IE Ea WV e B bl E i :
~ where Eo’%pgﬁé is the energy density of the incoming wave and g
is the group veloc1ty Cg /g/k for incoming following waves' and

' cgs—— /g/k for‘lncomlng head waves.

- The. exlstence of an lncomlng wave obviously compllcates the

three new parameters, viz. the wave amplitude, the 5hase'between

the wave and"foil motiofi and-the-frequeneyiof the wave. e shall

only consider the case when the foil and the wave motion are
oScillating with the same frequency. Hence only- two new parameters

are introduced by the incoming wave.



The basis for this definition is' long incoming waves. We shall,

‘however, also apply. it for moderate wave lengths. This only means

that “fhstead of specifying ‘the pitching angle: a, we specify @.

: am ) find - & ' frm (.6\,. 9") d S : . S 3G N g aREd L e ia L e P

o

Obviously, when the heaving motion of the foil and the wave

motion (t,l‘i’e wa¥e length assumed large) :are 180 .degrees out -of

Pndse; thé generated fluid motion is. equivalent to the motion. ..
‘generated by the foil“dscillating with the same pitching motiam,

“ho incéiing wWAVes; Tbit -a“larger amplitude in-the .heaying motion.

Coftespondingly, ‘When 'the  heave motion and wave metion. are in.

phase, thé equiydlentsheave motion with’ no.imcomiag. waveshg.;a
" dtma ller’ amplitade;  For incoming head waves; for:instance, . the first
of thesd’ cases cortesponds to - f=x/2; giving ;ﬁﬂi&&o, g-b ;and.

9= U /a (ﬁ#ﬁb’) ok Whé’reas ‘the’ latter case:is obtained: for . =-=n/2, -

giving  flén-a ,vB=b’ ana Eiﬁﬂfa(h~goin”0n-thgknzhgzyhngéa when. the

‘foil and wave motion: are 90" degrees out of phase,. the.generated.

motion is equivalent to the motion generated by the £oil for no

" incoming ‘waves,’ the ‘salieé heaving motion but the pitch axis moved

from b to B. This case, with the foil and wave:*‘mgd&n,&@?,ggt of

) Eibhi’éev, correspond-s €0 - B=0, n 'andv the foil-is -at its, highest or

 ‘I5west posi€ion wher ‘the wvertical velocity is maximum upwards.:For

- 'inéciﬁingi ‘head ‘waves-and. ‘§#x, for instande, -we have -that ., ﬁzh, ;

’” S&§+§;7ETTEHE%i§2367§ﬁT*MTﬁE§fEﬁEWSﬁI?TEffEEEfBE?fﬁﬁiiﬁéﬁﬁiﬁgiwﬁve"”’”

. ; . . A
is to move the pitch axis to the point x=b+aé_’/,.a,a-_::

~ We shall in this Section ‘study the thrust acting upon and the

 power supplied to the foil for two- différent-vkj.ndsr of motions..In

the first case, denoted as motion 1, the heaving motion has.

- opposite phase of the incoming wave. This corresponds to - f=7n/2
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- of P

this case, the largest effect is obtained when the foil is moving

in the short ﬁk1"7ﬁ§ves: For motion 2, in particulary -the power

;sﬁﬁply'becoﬁéé verysmall; ‘while the thrust retains a significant

valde. The valueof-thc».ihruwt also.remains finite for.. ol/Uz0 ..in

vy

;77We'5ee’from*f£§ﬁresf8°and*9 that for - 121/4~~the-large§t'thrust

is obtain®d in"Heald waves:. The opposite-was true- for ., s<1/4.

For mition"1 and 920.6 'we have found. that - T_ is: consider-

- abiy:""éihalier’ than‘r in all cases. For motion 2 -»"1"»3~.7-_i§<, close %o T.

The examples stﬁaiEd'above;clearlyﬁshawbthntﬁg part. of . the

energy of the'incomingmyavegrisngtiliZed *o0 prqdugehevforward

_thrust on the fo;l In the speclal cases where the power supplled

L

to. the fo;l ;s zero or very small, the ratio TU/PO glves the part.

which is utlllzed for propu151on Figures 6-9 show cases

.,~

0
w1th P being very small As an 1llustr10us example ‘we refer to

the case w1th d/1=1, b/l=~0 5 O/hsl" and moticn-2~wh1ch gives

4the following “Eable ¢ E 0l e e i paen,

S e ut Rr ol e | RgEep 0| (/agh? | TU/Rg,

SR PR M SO S S AT PP L A G

N
i
A

-0.6:4:4Q.066: 1 0,024,
6| 0.113 0.091

waves | 0.5 o

o :

07 7| 6714177 0676
0

0

0.5 | 0.725 | 0.05 |
k, waves | 0.5 - 0.5
1
1
1

0.125 | 0.09
k, waves [ 0.125. - 0.125 | 0.73°
ky ‘waves | 03125 b-0.125 | 1.24 0.093 | 0.338

| 0.3 1.54 [ 0.6 | 0.0693" [ 0.130

ky waves 0.3

e L . . . . g Py S—
ook . - “ s AR

—Table—1

fTﬁe‘table Shows that for Waves of moderate wave length, with

J.V.Lwtv § . B .- .

_wmoderate amount. of wave energy, a considerable part can be'htilized

'for propu151on. However, for long 1ncom1ng waves, with larger wave

energy, only a small fractlon can be extracted
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' fé&ual’tb~the’fié&ﬁéﬁ&?'of‘eﬁéounter.~Thcfqnciliaxcmyﬁﬂartical,ﬂ.

~ motion of the;foiif as well as the oscillatory motion of.#henwgye

is very close to the free surface. For 1¢<1/4, however, when wave
scattering effects are important, the approximate theory strongly

overpredicts the forward %hrust when the submergence of the fojl is

J. sﬁalln When the ground effect dominates,. i.e.. for. amall,values of

iﬁyéﬁé’“G:”th§%§p§foi{hate theory underpredicts the ' forward thrust.

7. PROPULSION OF SHIP BY FOIL PROPELLER

' In this sectiol we shall apply our two-dimensional theery to

T{ﬁstﬁdy the propulsiol of“ship by foil propeller. The force is .then

vvvvvv

sthé“ship,"éiﬁh a'foii’propeiler placed in<the front, -is advancing

‘with a speed U 1iH reqular wdves. Due to the incoming waves the

* ship will unfergo heaving and pitching motions.:Hencs. the. foil, is

iyt

';%rzéafbi th%mgﬁip'motiéh‘tbibe?movihgiup and dawn‘yiﬁhaa'fggguency

- field,”will pP¥dduce a Fforward thrust on the foil and thergby a

““studied in ‘mdny papérs.”A thorough discussitn of ship motions .is

‘forﬁafd'thrﬁSt:dn;fheﬁihib; CoA e R s D mes im0

'The vertical motions of a ship advancing in waves-have been

g"(fi;‘j;f\;rﬂén"‘:jyf‘Ne'vve}r'xi'iaff5”"'?("1978')'. A’ﬁain'reSultxcﬁneérning the motion.of a

‘Ship in head waves is that its vertical displacements become larger

”j#atisfiesx“1.2<x/L<5,“L being the ship length. For values of . A/L

  smaller than 1.2 the vertical ship motions:- rapidly become . very

" than the amplitude of 'the incoming waves ‘when the wave length. A

'small. The vertical motions of a ship in following waves are.

generally somewhat smaller than in head waves. Wachnik and Zarnik
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show that it 1§ favourable to operate the foil close to the free
surface.’

In figure 104 T is_displayed for: h/anﬂl,-dllfl_gand-
Fr=0.5,1,2. For . 1>1/4: and fixed value of kol, T increases for
increasing value of U, as expected} The fidgure also‘ehows that for
-fixed values of U ahd ko, and=Varying 1, theflanqgsg,thruet»de
' obtained for ‘smallest U/Ygl, i.e. largest value of the chord
length 21. |

In” fiqures 1la=~¢ P 'is displayed for a.foil moving in follow-

¢ e T o

ing waves. The figures show that the thrast is .genezally much
smallér”for”foiloﬁiﬁg*wavei“th&ﬁ:for hiadfvavnSngQmpagingﬁfigures
10a and 11a we adiso see tHaé Ekhe: heaving mnsion in:the waves. leads
to a considerably® ‘larger*‘tﬁfﬁst in"headswaves than' insfellowing -

- "waves. Fig. 11b shows that in following waves;vin»opposition to in

head waves, the thrust has not its maximum value when the foil is

ey ur’ <.

,‘operated very close to the free surface. Frofi figure 11c we sedv

;}\"..-, H L‘ v;: = oy,

that for long lncomlng waves, the thrust ls largest for amall

ey ‘—_. i [

'Froude numbers. G EEE R CELRRGCAG weRD T o

Lo ¥ wJ',_,,;

vthrust is cStSIhea' 5&"”e=o However}>accord1ng'to Lléhﬁﬁlll

R

f(1970), stall may occur when the leading “edge’ “suétion ie<largew

compared to the total thrust We have therefore 1n*f1gures 12a-12b

values of 0, assuming that Fr=1, 4/1=1 and h/ao=l, We see that
by increasing 8 from O to 0.3, Es is reduced essentially whereas
T |is only decreased slightly. For 8=0.6 the side force gives the

maln contrlbutlon to the total thrust

o compared the leadlng edge>suctlon and the e total thrust £6r various




or Shorter waves, i.e. smaller vertiaalpmotggnsap@yghe:ghip%tthe

‘value of i ‘Peétiomes ‘rapidly smaller than Zl it ar
about the actual values of. ‘C ;v ‘We know. that for U . very small, C_

: is Sma.ll- S TRt sy el ' ’ F g

U<0.3/Ef, a'reasonable-valﬁe for the dragreeefficient is CD=3-10'3_

(see e.g. Newman 1977, pp- 30-31)...
The addedwfeeistgnceb D, fbria ship mgving in head waves is

discussed by‘Faltinsen et:al. (1?80)'an4'may be written

AN 4 Lmn

D, scaga 32/L I oo Db (7.4)

there c, is a dimensxonless functlon of U//gL and X/ﬁ Compu-

e i,

tatlons displayed in the paper by Faltlnsen et al. showlthat the'

values of Cw depend strongly on the wave length of the incoming

waves and the response of the ehip. It turns out that the maximum

value of * Cw approximately occurs .when the. vertical. mot:.ons of the

'éﬁiﬁ‘d%é'laigest; The maxifmum value of . C,y occurzing for AL=1,

i¥ abdut 6 for “U//gLe0.2;' and about 8 for U//gL=0.3. For longer

POr a éhfp movxng in !bllaw1ng wavotr lxttle :is, Qubllghed

s

ls“negativei“tt is ezpectedfthattfer moégzete"valueggdﬁL}qéyaaf'qw

'Balance between: T;Mand;;D+Dm ferﬁfollaw1ng and . head waves

gives
@p_ga%B = Z—“f’lo 3pLBU2 + C P92 Cz) Ei . : (7.5)
_or apbreximately“ | -
=214 - _Cw N7 : e

‘Let us assume that the beam to the length. of the ship is B/L=1/8

and that the Froude number is 1. For 1ncom1ng~head and following

waves we obtain the following table




| When ﬁorincoming waves occur, we f£ind that for = :ygrgwggggl

~ (or more precisely that both U ‘and o are small) the free sur=
face acts as a rigid wall, leading to a pronounced ground effoct.
For higher values of .., but . 7. still lges than,]/4, the generated
waves' hidve ratMer large amplitudes. This results in a relatively

' large ‘energy "Weste, and & momentum flux in thg,wayeﬁygéthraguges
the ‘thrust. Cluwse to v=1/4, the thrust and necessary pawer are
usually very small. For t>l/4 the thrust increaéss‘rapidlykwith
glx.;?or these t-values usually a k4, wavebof"coasldirable intensity

is generated when the foil is close to the free surface. This wave

.conveys a momontum flux whlch contrlbutes to a posltlve thrust.

TEr W
" : L -
" e

When a fOll is mov1ng in incomlng waves, it is found that
fbftéﬁza?%alaﬁiveliﬁiargcﬂplrf ofTthé: wave energy may.be,utilized
. for' propulsion. The foil may move such that the total energy supply

" for propulsion is due to.the.incoming waves. &

s
Y

‘It is found that a passive foil propeller may?give a»ship

,A_,.‘,

a forward speed of con51derable magnltude in both head waves and

A ‘follow1ng anes The.:oil propeller glvas largest forward -speed

S when the Shlp is moving in head waves, with wave lengths close to

\ P R -

| the length of the ship.

L o L - R R SR SO} oF e e




the solution of the boundary value problem (A1.3)-(A1.8) is

obtained as

z exp(-ik, (z-u))du z exp(-ik,(z-u))du

1-17
F(z) Rl ot e S5 (f A i . 8t B R ey 4 < -‘ - - .
m —41 C1 o u—‘?o 2 g PR e ».2.7; SRR u-‘io“' u,s-;i"""‘
Dt Yooaer o 7
.z exp( 1k (z-u))du -~z exp{=-ik, (z-u))du
T“n HlL(f = - —4 ) (A1.9)
1 +41; ™ s u—zo » .u—zo

R SR

1=°',c2='° For 1>1/2, C.l

‘that “F(z) Ls bounded 1n the entlre fluld.

Fo;':1<1/2 C ==-1=l-/k C =i°/k2, to ensure

2,

. It shculd be noted that the values obtained for C1 kaﬁd Eﬁé
when <t>1/2 are not identical to those obtalned by Hasklnd in ‘his
'~ derivation of‘the’Gféénfiunctim@ for am oscillatory .source. The

- values of VC1 ‘and C2 must be the same in the two éﬁses. Wg
rtherefore believe that Hasklnd s results for ; C1 and ' C, fof:<

..' i

"t>1/2 are incorrect and should be- thosp given in’ this paper.
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~

Introducing (A2.5-A2.8) in (A2.2), applying aypartigl Lntegrapign

_.and manipulating with Hankel functions\we finally obtain

Po(x) = zexp(]kx)(lz-xz)%{f - arctan(l x)k] + 2H1(2)(k1)

. ;1, stk I o - 5 Y gg_) et ¥ D ,.r,,‘rﬂ_v,‘f - ~ 4. . 1-»,..”»-

g—aéz)(kl) < 2—(12-1:2)exp(jkx)fexp(‘qu)H(z)(ul)du_ (a2.9)

The last term in (A2.1), P], may by changing the order of

lntegratlon be wrltten

Pl(") =- %z' f L——ﬂ—Ldlx ———dn J' exp(iik’z)K(mtz)ei'.f, (A2.10)
* where |
. ~= _ 1 ,

Kn.2) f-z'rsa- FEF23a]
——J—,;[klrl(n-nd g- Jd)-k (n-jd,E-jd)]
(1-47) _ |
- —l—Ix, 5o o T jd)-k4F4(n-jd g~ :d)] (A2.11)
(1-4%) -

wheré

 n-3jd exp(jk_u) R
F (n-Jd - jd) = exp( jk n-k_d) j ——T-—-du (az2.12) |

n

C, k, and v are defined in section 3 and a bar denotes complex
. ¢onjugate.‘Changing the'otde; Qfﬁintegration and applying partial

integration, We_obtain

=1
' f'exp(jka)x(n, £)dg =

exp(- Jkl){['fexP(V)E (v)] + g[exp(-V)E =71

1 2
* A T Fpln- -ja,-1-3a) - o7& F2(n" 4, -1-3) ]
(1-4< ) R27
R R K3 i3 (’-’d"-l- 3T - Ko F{n=3d,-1=3d) ]} '(A2b 13)
);2 k3-k 3 n-=13Ja, J . k4".k 4 n J‘ ' J .

(1+4+
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APPENDIX 3.

' THE WAVE AMPLITUDES IN THE FAR FIELD

' The wave amplitudes in the far field are derived from the
complex velocity field (3.9)
- ’dfO } 2G T DI Tt s
ey @ = iv = ==+ [ y(E)z=(z,E-1d)AE ' (A3.1)
for x++=. Here fo(i) is the compiex'poteﬁtiaf”fcf&éhe*incomiﬁb
wave and G(z,zo) is the vortex potential defined in section 3.
On the interval (-1,1) 23G/3z reduces to terms of the form (3.4)

which for x»t= become
z exp(;_k u) ' A B e
Cor  UFg _

z*iu CEmL B RN « ¥2 DR m e . e e
Here_ﬁgnH,ahd. kn are deflned in section X (KB.éj“is;%héily
~evaluated by contour 1ntegratlon. e AT e A .
: The contrlbution from the wake is Rt g
STRIETE - CLNrery: NP AN S S
- O 2 oz
X>Ee Coe=w e L e ] » ,

The terms of the form (A3.2) are evaluated by changing the order of

*Hlntegratlon, applylng partlal integration and ‘gontour * 1ntegratlon.

”The_xgmglninq ‘part of (A3.3), due to terms of ‘the form: 1/(z—z )

and l/(z—z y, are found by ‘eontour  integration. These’ terms tend
- towards zero for x+o., For x+-= they are non-zero.: They: give,

_however, no contribution to the vertical displacement of:the:free
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Figures 2 'and 3. Thrust - T, efficiency TU/P,
part of the thrust and waste of energy due to
spectively. Foil oscillating in heave without

Fr=0.4 (figures 2a,b), Fr=1.0 (figures 3a,b).

Figure 3b.

waste of energy E, and the
the waves, T,
pitching.

and Ew’ re-—
d/1=0.5,1.0,=,
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© 9=0.6

8=0 a=0 .
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Figure 6. T‘hrust ‘T ‘and power P
Foil moving in. ittcomng ‘head: waves or. follom.ng w;wes.
Fr=0.5, 6=0,0.6 ST

=== totion2, :---

b/l ==

0.5, a/h—

. ——— motion 1,

. ‘no:-'waves.,

‘vs..reduced frequency ol/U. ..
¢/1=1 o
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k‘l - GRS k31 - I . k‘l - k31 -
e 0.04 - -0.13 0.25 0.38 1.46 1.87 2.25 2.62:0.06 0.13° 0.23 0.38 1.46 1.87 . 2.25 2.62
Y el ok . 3 etopvimnimiens PR e J L ik i 3
2
Al
0
m3
. 2
al
B - ; SR ey Ci— —L0
0.25 0.5 0.75 1 0.25 0.5 . 0.75 1.0.25 0.5 ' 0.75 I’-‘Q.IS 0.5 T.0.75 1
' oL/U = e o1/ - S ol/u -~ . . allu -

Flgure 8. I‘hrmt T .and powar P ve. reduced fre-qnmy ol/u. .
Foil moving in’ mcommg head waves:.or followmg k3 mes., d/l-
b/1=- -0.5, ay/h=1, Fr=1, 6=0,0.6, T<1/4. .. O

 —— motion 1, =--—:motiom 2, ‘-- o Wavess. ..
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Figure 10. Maximum thrust T vs. wave number :kol; of  incoming.waves.
Foil moving in head waves. 8=0. R R ' . -

a) Fr=1, d/1=1, h/ag=1,1/3,0, ag/h=1/3,0.
b) Fr=1, h/ag=1, d/1=0.5,1,2,4,%

¢) Fr=1, h/ag=3, d/1=0.5,1,2,4,=

~d) h/ag=1, d/1=1, Fr=0.5,1,2.

The small arrows denote the occurrence of T=1/4
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U ee—— f[m;

seee T,/nus

Figure 12. Maximum thrust T and corresponding suction force Tg vs.

wave number“kﬁih“of‘thEAinCOmingfwav&s.
8=0,0.3,0.6,0.9. '

a) Foil moving in head waves.

d’/*]:"*‘l fb’/Lllg’,*‘F‘r*SJ *’*h’/* a 0i1*’*'* B *’77 P ——

vb)-Foil-mpving-in following waves.




