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Abstract

A computationally efficient numerical method based on potential flow is developed for
time-domain simulation of the nonlinear free-surface flows around a 2-dimensional hydro-
foil. This numerical method, namely, spectral/boundary-element method, is a mixed one of
the high-order spectral method and the boundary-element method in time-domain. The
high-order spectral method is used to calculate the nonlinear evolution of free-surface,
and the boundary-element method is used to calculate the effects of the hydrofoil and the
shed vortex.

As application examples, nonlinear free-surface flows around a 2-dimensional hydrofoil
which starts from the rest and translates near the free-surface with or without harmonic
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oscillations are calculated. Nonlinear/unsteady results, of free-surface waves and hydrody-
namic forces are shown and discussed. Particularly, the results of steady-state which are
obtained as a special case of the present unsteady solution are compared with others’cal-
culated and experimental results, and good agreements are observed.
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Y Fo] M) Agel Pl wel Ay Wye
2 927 JE uHY BEAES £33 g ot
2E B2 A7) o] Fo] Ax Yok, AREERE B
o M= ALY, Y, FPasy, 29
EFHE o8 SAHUES o] &3 ST ATE0)
=3 At o] FollA AlZHE Y Algdlold e )
d BAEA HE4E F Ue Y AHE ANSFG
o] & 4 9lou} FF3t ANz 2o ozt
A& old mE T Adg Wy gk B Hake b
FEHREE el 39 582 13 ~9EY
HE AA Sy Agsle v o3 AH
EAREE Azl opEnt doil] £ =2
ME ol dEHdHdR AL 5 AUARE A
t},

FFold AFEAY JEALEAEL F2 FA
(steady) deiell &) AF=] v}, Giesing et al.
(2] A8 AFEAZAEL HE3lE GreenF 5 E o
g3t 2219 FHEAE thEAL, Bail3le F4H
gdaryen A - MY EAE FAC. Bai
et al[4][5]& T o]& FARILLYT el
o2 HAME AFEAEA Fatslad Faaele &)
g T, =& 33 BEAZE Kim[6lel 344
Green¥& o] gsle] A8 ARFAFAE THEQY
o, d¥ 93t dF 2 Parkin et al.[7]e] A%
A ol 2219 FFo| ALt YHERE
49 AZ bk gl

A - F2)A i o2 vl A (unsteady) FH F
AE e 4 AdFELE FRHUE B F2
AHFEHE 244 P FaA Sl e Sl
o]F FX3 W 2% AF2A Basu et al[8]&
YNEH o290 HeHAE BIAIE FA &
HE d3ega, Suhl9le Aex9) tholE x5
o) 8-3te] thekst vt EAIE & u} Aok

B =R E AGEHES 3E 23 59 F9
o} 443 /8]4 4 (nonlinear/unsteady) %< ~9
EZ /7 A 8 A% (spectral/boundary-element
method) 2 & Attt € FAsHAA A &=

¥elae v ¥eliF(wave potential) ¥ B EHAF
(body potential) 2 |51, o] F XA 27

& AP S A43 & ARERHAE ey
€ 3 ¥ 33 28 EHY[1]10]28 ALtE,
A g S 24 TPHE Greend ol
7128le] ENEH Loxs) tho]EE BRI
FRAd e dolZEE ExAFIE AAs2911]e
2 Axdr}. 4 Kutta 2H 22 Morino Kutta
2348 A3

e 2 FHA G Fete A/FER TH
A og ARLE Ee Ad 2 E8LF5 S e Ay
7t ol A, AFEEAL BHAH ] v
/HIAA ATE0] Hxlm Yo}, & ol& me 43
AAEAT HwsHon L UXE Bolx 3}

2. A2t FAX X

frale BEA, g SAeln e 52 n3A
dolgla sHyst HAAYH L FARG. HIAE x
g A T yEe PTES gog g $
e 7aan

Qo) 7Hel oafl £% TEA &(x, v, t)E =8
W FAe A ubga e o 2o

2 2
_8_<I)+§2 =0, in the fluid region, t 20. (1)
ox? ' oy’
Z} &2ke] A EAEAG A TEE oo} e FEE
A ZAAZAY 2934 AAZzA L 747 o2t 2o
(1)[101.

—+

om a¢s§n__[1+(an)2Ja¢ ~0

ot 9x dx ox 5" ’
2 2 2
9¢° 1{0¢°) 1 (anJ [aq> _
29 ) 24 12 2,
ot +gn+2(ax) 2[ " ox dy
on y=n(x, t). t=0. (2)
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A7l y=n(x, t)e ARFEHE vehle, #H1 ¥
4 os(x, t)e AHFERAM Y £% A O(x, 1
tolx g& 8 7t& ol

H] At FH BB Erle] Tl FF 2o
2% (wake vortex sheet)o] BAdgt}t o] WL 48}
Ao g2E XA T (potential jump) S #E £
ol 11 $1X7} ale] URE Ao} gk
MM dFeo| A HAE ) o] WHelrg
& AARUE JAWE FH0] ddolojo} gl
the Heln B8t AAZH S o] ddolojo}
grhe Folt} o] F HAAZHEL A L e
Zo2 Wghd 4= loi9).

D(A®) _ d(AD)
Dt ot

on the freely moving wake surface, t20.

+V,_ - (AD) =0, (3)

7)o AP Fito] ghe TFHEAM U Eelik
@9} ol H TR @2 Aol 27 FRA TokP—
o), V& FHE Zh flA)oM e HFagolnt. 4
(3)& HHo| 2} Y)olAe] HARELZ )58 o
FelAF ZoF Abw AlZbol M2 dgigle] Yy sior ¥
£ 9ugtch o] UL FHHY YA 2 oy A7)
& A17Hd 8 (time-marching) Al7) 4 o &€t}

7} ko] Gl EHAA uhEElojor sl EAEH
Az oo 21,

oX.

%~ = V(t)-n, on the body surface, t 20, (4)
L ~\wn

7)oM) ne B3 wro g g oy wMdwEo) 1,
Vit = &3le £59Eefolt}

g £8(circulation)? o) FdskA 4
A7) el e Kuttazl g Fasjopsin 2 gt
Al F¥E 7] HAd(trailing edge) M fdo] &
grelrie Zlolt}, o] 279l FalH) FH s oy
7HA o AFSEY B mfoMe TdaS 71H
2 8= dasgoM go] AHEEE thg9 Morino
Kutta 2718 28389},

(A(D)wake = (d)u_(bl)body‘ i5)
at the trailing edge, t 20,
o7 A MR uet 12 22 9ole) iH ) ofl
W5 Jepdd

RSB ERUE $3 14 H29% 19944 58
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EAZRE 53] "ojn FoMe 2 AA
23 083 2,

VO -0, asR > [R= (+ "], (6)
$< oo

A9 wFol 4 AAGHERE Fdgcin s}
Hohd 2721 e gt Zo

bo=""=
at

0, ony=0t=0 (7

3. AMER/AHRAH

THHY net HY XN ook ARER AAzA
A (28 AIRA RS AL & U £F, FF B
A (5 A9])e fx)9k R Tk (AD) 2 A7t
of ol wret 2 (3)e} 2 o2 RE A4tdct mel
A, Zt 3ol Fojot dle FUAL AAR FAE
y = nlA Dirichlet AAZACZ ¢s7} FAX 1, &
FAEE Aol LRI Loko] FojH G o, 4
(1)¢] Laplace WA 43t 21(4), 4(5), 21(6)] #A
ZUEE &S £5 T O(x, y, t)E FEte
A7 gk o] AAA EAle ¥4 (wave po-
tential) % 23 ¥el4k(body potential) 2 )3}
&Aooz AME 5 Udn

&% ¥ 08 b o] Mo F48
b},

M
O(x,y,t)= Y 6™ (x,y,t). ®)
m=]

A7 A F 7187 =Y Z2%S eolal Ff,
Al TEAF ¢ O(em)olg)t 7H gt ol ¢ e
3o AAZAE y=0o4 vrEalodof el 1]10].

9™ (x,0,t) = ¢s(x.t), m=1

m-1 nk ok

—z—[—af"“‘“’} M>m>2.
Pt k! ayk 0 m (9)

o™g kAl Thga ol gt FelA(wave potent-
ial) 0,™ % &3 L&l (body potential) ¢,™2) o
2 Yehlx,

o™ = ¢w(m) + 4)0‘"”‘ (10)
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o™l i3 AAXEAE 4(1)9 Laplace ¥4
I 2(6)9] FTUY AR 0 o AAZRAE
2 339,

®™=0, on y=0, (1)

vk 0= ( V() - n- y%™ 0. m=1
- V™ n, M2m=>2,
on the body surface, (12)

A%(m) — A(D, m:1
0, M>m=2, on the wake surface
except the trailing edge, (13)

(A, ™ pwake = [{d,™)*~(Bp™) Ibods. M2m>1,
at the trailing edge, 14)

ame A1) ZAWZ y=0014 o™ ghol
Flejatx] Retnz, gmo] 4(9)e] AAZAE REa
7] AN E 0,7 y=0014 e ZAL WElo]
of s,

%, " (x,08)=, ¢#(xt), m=1
m-1 kK k
_Elll]l_![%(q’w(m—k) +¢b(m—k))J
= =0
MzZm=>2. (15)

ol9)dl| ¢,™-& 21(1)2] Laplace %343 24](6)9
2w AAZAE wF3lojof Fi} o] o, e E
Mo} FHAE Tsle ZE FYolir] dfolnz 2
(13)34 2(14)9 FRIATdo= A5k 32 =
o},
2} AAXEA A 6,3 ¢, 9 A e S
3} 2}
1) Aatse] Sl o2 RE ¢,V S ANt
2) V3 AT Y= THFBAA Y AD, FIA V()
ZRE ¢,V ALkt

3) 6" 6%, a2l AlAEe] Qe n2RE ¢,?
& Aatghe},

4) 0,225 H 2 At

5 33 4)9 AL A mS shd F7HA1A 7}
5 Faz 24 M7A] WHE e g}

2} ZAXNEAY ;W2 0™ 0] FHAD o) E
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9] #o g mat ZelAF ¢™o] 2(10)o] & Lol
3, AA A o= 0™ FTE A (8)d g 2o
At o]FA dojA & £ THA o= 4(8)9 4
7 RS Wl AFER Fo)A Dirichlet
AAZAN THHA FAR TRl Tefg (1), ¥
(4), 2(5), A(6) o2 o] Foixl Z} &7kl HAAA B
A< &7t €}

4, X Hrof e
E4 XA ¢, XA 4L Green P20 1%

g AALAHUO11]E o] &3t Green 2 2HE
dojxle AP AL o33 2o}

q

9’ ’(p,t)=—;f5b{¢b‘ ’(q,t){-&—log R(p;q)

] n| o™ (q,t)

log R(p;q") | - X2 .

o, g R(p;q J 7 [log R(p;q)

-log R(p'q’)] ds+ lf Ap,™ (q,t) Llog
’ nJsw an,

R(p;q)—gg— log R(p;q’) |ds (16)

q

where, Sb : body surface
Sw  wake surface
p(x, y)  field point on the body surface
q(x’, y') : source point on the body
surface and wake surface
* source point on the image
surfaces
Ripiq) = [(x-x)* + (y - y)I”
Rip:q) = [(x-y)* + (y + y)”
A,"™ * potential jump on the wake surface

q/ (X/, _yr)

7)ol M f& Cauchy FX2EE Vel Swol
Aol Y ake ol ubako] foltt. 2](16)2 YHE
A 1 o)v|R S tho]EF LA FEAI L,
FRUT 2 oA Bl tholZS BIXAF Ao &
e}, of AR AdM G RE S A3 Sudy
AY, ™ 2 (13)F 23, Spde] o0, ™Eng= 4 (12)9)
AAZA o8 FoIxH, A S e TFHA
T4 Tk Ap, ™ Kuttazd 2 (14) o] szl AR
o] el o8 BEE debd, 4(16)L 2l
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H gpAtel ¢yl gk A2%F Fredholm &£
ot} o] AEurP Y] FRFE oln) & DA sl
MY EGI11]0 whel, FUM 7] Bold £ X
e AN 8 AEZ o) italsle] Albetdct
FXAAA] Kutta 248 Seide] A 84 (42
BE oA Ap, o] E7 Sid U oW g AollA
9} o] &2} ZohE Morino Kutta 278 A &3}
e}, Lee[11]¢F Suh[9]& ] Morino Kutta 3319]
g7 oA A3 A4 Rae AHE L9
e #AH Wy g AAE g Qlot B AN =
A FA gfa, LA 88 Adaittn JHy
stof ofol} ik =3 & Bk} Ut

B 3geddse o Adageict 1712 M2&
Eraszt AMEY, £7 8480 A7 gdAI
9] tholZS B¥AZTH TLE 7S 2 ol &
84 84 9del 2717} Zm wgke] wiehel g
o] Hedayt 9 A gov(1l] FHY 4 A
Aol o123 T aiel tjo]E A7)t sgste
AF Red st gxsiA "ok FH A 8o (R
2E) 9] cholE A7l (a®)+ KuttaRdol & S
oMe] e HP - D)o} FA ANE L, ol ¢
MF9) efel 37) T 2ok, 753 aghe) B4
S AR AL B9 AN E FFHHelY FYel ¥
oL & slod A RH AT} o] M| AKX EFE ALt}
At o] Redaol Hrie AZSE AL B AT
9] «ghe] Wzt dEict Y EedAase
2] (3] &l A719) Waigle] fAAAAY Aol
it ol gahE Rer Artetadd.
# ¥d4 0,9 FAdAME 6% thaF ol

eigendr A4 (B4 Fourier §5) 2.2 B¥3tx,

R Vo=

N/2
¢w(m) (X,y,t) = 2 An(ﬂﬂ (t)‘pn (X,y), an
n=-N/2

where W (x,y)=exp(k,ly+ik,x),

21(15)¢] Dirichlet AAZAE Esles B4
AW () E For A H (A7 AN ka=2rn
/NAx). |8 93l AEdY x&5& NS 58
(B8713 Ax)3lal, 4(15)28EH FoAe 2t £
Aol ¢, & & I Fast-Fourier HEH
[12]8 M A wighaic,

nek o] AlZlel W Wiste 4 (2)8 AP Est
o] ANl FRA YAHsle 7t Bod 23
Mol f(zbalel ggke Al9))g At ALt

A

RIS ERUE B3 145 B2 19944 Sh

¥

gt AIZEH By o2 42 Runge-Kutta 3 ¥4 ©|
48 o A8 ARFAs BAMY 2 dFHA (nu-
merical stability)Z7°] Af? < 8Ax/gnd e B ¢
24 glon B =89 Atz 22 ARE F
1 o] 2AE MEIEE At 58 At E
A #xE B4 veEhd vk gl 3xe AR
A 2% (smoothing) 718 % ¥ 8% ¥sich

B =R 34 AdEHYL 2AFFHY FEAF
7t N 9o} 2 4b& A o] NlogNel Hl#ste
Fast-Fourier 28-S A183t22 2AFEH # g
gloy o % E& Aot}

5. Hl&tol & D&

AR F2 12% FAE 2= Joukowski WA H
AUAE[13]S itz &t of ddL Parkin
et al.[7]3} Giesing et al.[2], Bai et al.[3]4]5] &
o) 23] 4 (steady) Zeiol that T A7} o] Fo
7 gk vA A unsteady) $EE OHE F e £ @
b o) E4=3 A2 A HAFe 7 dojA, do
A A3ee] sl oS Ay o) 2slet v
A E 3R Redx Rdo) S48 HobEr) 9
3l NACA 0006 @¥[13]e] #&#AF S22 2
RS AN AT, Suh(9)9) AlE e} v wEg
o B A i BAlEd H4E  glen,
o d 24 FAAste 5] detE 8 (heave)EE
&9 (pitch) ¥ "ol A% o5ct drie 2=
o](chord length) & C& #A&9 1z, Us o¢ #AA
4% o 9ZH(attack angle)ol®, Fule U/(gC)™°
ojt}, ¢hg-& #A ¥4 (hydrodynamic pressure)
w nAsE ., EAS CP=pressure/0.5pU% CL
= lift/0.5pU*Celth, p= frldixeln, RHEE vt
AJA Weko] ofolm] Wk ol Adgo] glow Wl
3 ZdEo|tt & Wil Heole FYd FHE &
SR zEoln dilel 27 o] his AFHOE BE
@7 297R) 9] Zelolch & <ty BFxel I-|E
A e @7l Held HastA =88t §/C=-0.57}t
e, £/C=0.57} gl slgetdt,

Fig. 1o 12%54 S zt= Joukowski TDHE 3
a=5"du F3FA oA GHEX ALATHL
Bojzz 9ok, @ EAe AEe I FgaAT
No=409 we] 84 ¥&g HolFn, {FEHsr A4
g oohdal Slg BRo] gFxoeg REPEE £
At o] i =5 df, CL=0.58" 2",
AA3(13]1]) CL=0.6035% vzt ¢ 3.5%9) <
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p
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~0.50
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Fig. 1 Shape of 12% thick Joukowski hydrofoil and cal-
culated pressure distribution for steady advance
at 5° angle of attack (w/o free-surface, N,=40)

2A7F gtk No=80Y o, 2at= 1%3EE FolEe

A& Flstd ot Aty B&4E Ubet BE A

A2 Nb=40°) tia] astict.

T3 F4FM NACA 0006 ©H[13] &3
Ztel] 93k g Wy} AlbEle] Suh[9]e] ALt
29} Fig. 20 vlam=x glch. Suh[9]9] AlMte -
o A 248 BeH2 A7 d¥A e sl
222 AE A (TE 848 H Hedr)dld, 37
Bedxro dgs Hrt gUstA ualstn Uk &
g Figl ofsf 2 Bod st HAHE 27
2 DA 2 o) 9g Aldde] tha 2AE B
ol o, FHo] HHoz Wty WEHE B
¥ 29 A% ZetA] gL oF e dACdME &
FHEAE v uA JEF AHE ES L F UG B
AT At Hod 554 E A8 2R
2 g 3R Bods wd g Algslgoy
g 5ol teiME 2ot FEd AE A7) AsiA
A% FF 2do sfde] Bo8 Aor Azdr)
Fig. 39l& 22 2ol dial 37 3dse 2eH
2 FAo] Bejxm gz, APAH Hed x| roll-
up AL & F Ut

AFEE 2 A L S
BAGE delt) o] Aad de A EeE NN
£ & A7 obd & o FAFAM E o] %9
Airdego] BrbesiAl Hoh EF EAEFo] 2719
2438 AREY FRd FHEAE Fol Cauchy-
Poisson type?] =35 @AA17)31[1][14], ©] =
e ZAIRE A&E] FAdHE ded ot 2

e duoad ot

X
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10
1 b
0.8 -
O ,
i 08 {6
3 0.4
. Present Cal, C/UAt= 20
— — ~ Present Cal.,, C/UAt= 5
00000 Suh's Cal.
0.2 -
0.0 T 1 7 LY A L d T v
[} 1 3 4 5 6
ut/c
Fig. 2 Comparison of calculated lift force with that of

Suh for sudden start-up of NACA 0006 foil (w/o
free-surface, 0=10°, N,=40)

Ut/C=4.0, C/UAt=20
—r — v —
-t o 1 2 3 4 ]
¢/c

Fig. 3 Calculated position of vortex cores for sudden s-
tart-up of NACA 0006 foil (w/o free-surface,
a=10°, Np=40)

o 52 ABHelAS Bl FYYHE A7 Ak
£ oolg A%E A=} d4AE & As

Pbgol KPR B mRoldE £50e] 458 o
&3 2ol AAA 02 4 EATH Tacet 7HAIZ).

Uyt (8 =( ~U » 0.5(1-cos(mt/Tyee) ). Ot T
-U , Tt (18)

Joukowski @8] #A4Zo] h/C=1,0°914 a=5°
2 20028 HA7HEF Fn=0.958] #U&EER A7
e ASo W3 fAE D 2R Age] AsbE ot
Fig. 48} Fig.5ol zZtzt Bz m gith(ade] e ¢
MEA YA, & AMQEA FAF2e Hole &
AZole} o 77ujoln| AbgEHA <k 5007 =
848 Za o AEEHAN BA 439 o4
g gae S Fong(]] B =2 Ak e
3atg7tAl o) M EHE ndsAokM=3). 7%
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0.6 o

Drag,Lift Moment

Fig. 4 Time history of lift, drag and moment for smooth
start of Joukowski hydrofoil under the free-sur-
face (Fn=0.95, h/C=1.0, a=5", M=3, N=512,
Ax/C=0.15, UAt/C=0.14875, T, /At=200)

0.30
= 100th time step
n/C o0 ~-
~0.30 —~——T T T Y vl
-4 - -2 -1 LA 1° x » 40
x/C
o
-—-——A 200th time etep
n/C 000 VVA
-o.% Y v v Iv ——r—r
-0 -0 ~20 -10 Q 10 20 x 40
ox /\ I\-———- 300th time step
2/C 000 V V VAV"-
-uo-ﬁ T *v v -
% <0 -0 -0 °C 10 20 E] ©
ox [\ A /\ ——- 400th time step
1 A Aa
oo AVA
-0.30 e v T T

-  -% -zo 10 10 o 2 ©

x/C

Fig. 5 Free-surface profiles for smooth start of
Joukowski hydrofoil under the free-surface (the
same as in Fig. 4)

TUF Hmatel og ko] Farst uiash ol
o171 a2t vl @ A kA Hog Padeef vy S
T ‘4 Fig. 69l= 300,350.400=%]0 M9 ¢
EEE Bol1 e, Fig. 49 Hojal Fubio
A %m} HER] BHAA T3] m A3 A
- o & vt Fig, 7 ol FAYLEAM B E AR
FH e} y_iaﬂz\ Fo Mulzoel nokg. Ral o}
doz FAY 37 HouAge Ax Afe whuk

mip do I ne
2 F\E

—~

REGEMEPERUE B3 1% B2t 1994% 5H
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2.00
seeee 400th time step
] seeee 350th time step
1.50 - s +< o« 300th time step
1.00 T
-CP ]
0.50

0.00 0.50
¢/C
Fig. 6 Calculated pressure distributions for smooth s-

tart of Joukowski hydrofoil under the free-sur-
face (the same as in Fig. 4)

5.00
400th time step
y/C o000 3 —
~5.00 Ty T T T T TrrrvY
-25 -20 -18 -0 -3 0 L) 10 1S5 20 25

Fig. 7 A view of free-surface tank and hydrofoil (the
same as in Fig. 4)

FAIGE A). o] adelM F - 3He] e Y
o} Fig. 8ol & delof E‘é 27l Awe .M
X7} GE A 2E vwgo] At Bai et al.
[4]e] Al4te b defol the) A3 21'%&‘53&21%
WA TR aAH e Ak Aol Giesing et
al[2]9] AMEE GreendE o] &3] B AtAtee) A
AR ER A A4 Aoj} Parkin et al.[7]9l
’él #& C.LT.(California Inst of Technology)$) 3]
Fzo| A FAEHACE B ALARE Giesing et
al‘«} g e} viwstd ehd 228 Alddstne &
21E Holz] gfol AFHEH HMH g} o] A gl
A7 @& ez Apdtt, B Aabdse Parkin et
al.o] 4% ¢ Bai et al.of ¥]AE Alabd el sz
Z dxjsht obd BoollA] B Aldbe] ez o
2 g0 2 gE2sh g Holx Utk FAHdeEd
g G FY gHge] 1ofe] Fig, 990 Bai et al.
[4]e] A4tAT} vl dm, T Adko] nf g &
oqu z;s‘_}_Q_ !xi 2 011;)(
aHd o) gl AFFW HAEays 2
h/C = 0.29 wie] AT £, o] HS A
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1.50
a = Present Cal.
ooooo Exp. by Parkin et al.
a ee+ss Cal. by Bai et al.
1.00 aaaaa Cal. by Giesing et al.
-CpP +
0.50 ~
0.00
-
~0.50 r——— — T—————————r
-0.50 0.00 0.50

¢/C

Fig. 8 Comparison of calculated pressure distribution
on the upper surface of Joukowski hydrofoil with
others' experimental and calculated results in
steady-state (Joukowski hydrofoil, Fn=0.95,

h/C=1.0, a=5")
1.50
3 7., Present Cal.
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