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Abstract
In the present paper, the hydrodynamic characteristics of three dimensional hydrofoils

moving with a constant speed below the free surface using a higher-order boundary element
method based on 9-node Lagrangian curvilinear elements are investigated. A bi-quadratic
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spline scheme is emploved to improve the numerical results on the free surface. To validate
the present scheme, the calculated results are compared with the analytic solutions for a
submerged sphere and a spheroid showing a good agreement. For the validation of the
hydrofail study, the computed lift and drag of a hydrofoil having NACA641A412 section
with aspect ratiolA.R.) of 4 are compared with the experimental data by Wadlin et al.[28].
The comparison covers a number of variations of angle of attack and submergence depth.
Then, using an AR. 4 hydrofoil with NACA0012 section, the free surface effects on the lift
and drag are investigated and these are compared with the previous results. The wave

elevations and patterns created by the

aforementioned submerged bodies are also

investigated with Froude numbers and submergences.

1. M

T

*‘#94 EAo

HAZlE e AT
Forlarum ol & F o o277 A
APt AL o3 Uy £FQ R

B3 U el ins B g 3y

mQ

)

o,

—

[s]

u
FDI' o WM oox

Mok 2 o
2o 2 0 e

g FWsh7] wito] oo Ol we- olFr}
g i}

7159 @ 7Y g 5L d4 ¥
2o el d&gol| st AMFIHe] vy
54, 7ivigeld R 9 QL AuiHozm
etk olEgk FEe AdEd dre

Wladimirow{1], Land[2], Benson & Land(3],
Ward & Landl4]5ol €8] NACA do9lzoA]
FEAT} 190 Sottorf(5]9] APA el A=

ezt Qs F7A7IRA Aulsloldl
Zole 430 wele] au fAoe 54

w) w Qleh 249 SEele] Yid A
= Duncan(), Parkin et al[7)%0] #shie ¥
g Agrd Wiz £39 Edele g
4EAE A s Hoels Mn &
Leel8lo] SaiA Aol 53 +3] guAs
& oz 299 FFU UE AAHID B
WelE AEH A7 Fasigen, Qe

o wale] tid ATE WEA o] &A

41 mo al

|

ATEAM, AFTFHd s HEse ol#g HE
3t Giesing & Smith[9], Hough & Moran[10]5-¢]
A7F7E Ak AeHY] wlAdEde] 22k %
ol mAE IS %alvesen[ll] Park &
Chumn(12], Leell3}52l |71 dom, Afawe
X4HO ‘:’/\]o],-r )\/‘01 _’4/] HA L I/_g:}z‘;_]. =]
“+2 Kim & Van[14], Park et al[15]%°] 2ith
32 FEe  digt ATe wWulle),
Breslin[17], Nishiyamal18], Bal & Lee[19],
Nakatake et alf20)5°] 33+ vl At olEe]
ATAT el oEhd 3xHY FFYol uigk A
£ FHo oA Aol & A7 BEE

2 =RoAME A8 ¥ ARrH 208 A
i, 2AEAI8AH(Higher-Order  Boundary
Element Method)% 43 £x2 Axske 33k

G F9 fEAAel Hgataich vl KA
o RO FFUAA Lolke Aol

o EAstgch azlAQ

2(Rankine source)& I1
A ARSI Af{ra Z2IEAE S35
o9 Sclavounous & Nakos[24]9] #2a} ~Ze)
<l HE 981y g HLagrangian) 3 H 8 A of
84 et zHrdolAe sl 7“?9} T4
A4 %99 Hong & Choil21]2 o] e A+
T digiA 88 FHaLw Y 3}‘3’4 Ry
2 ¥4 Neumnann-Kelvin® A5 3§43k v} gl
c}.

FxARe] Ao AH-FA ofefollA Hx
&= F(sphere)ol tiEr Besshof26]2] A8 )X &)
9} B4 FHA(spheroid)el ™3 Doctors &

Journal of SNAK, Vol 35 No. 3, August 1998



IREAGAEE 018 5o ek 3R ATEA SlM

Becker[27]¢] & &l& FAA Aot vlusie

B AR e A2g e HEskc
A

My e
4 2
H
o
2
i3
dlo
)
R
o
o
k=)
el
o2
1B
i)
05
i
i
i)

o

+ NACAQ0129]

A2 53008 Aol
[}

o
o

2. ZHe st

WA e Aasm A

1Ch)e AeEel 1% 59 #2158 Ul

i
2
x
e
oX
0}
i~
Y
oy

° =
7o) FABEe] xFel Yol warow Hapsh
FUD W, £3 Foe Ay f57 64
of gMshe thest 2ok HEAE Figlit ol
Fa PURE 2% Fom oh Afavl Aol
nE S5 AwAEAIL FAel S 93]
AfrelAe] ERgee Palsa fyel el
%, R, fEe v

My oX

Ui
H1
1A
ol
ob
it}
4
N
o
o X
1o 2
=
= in
o
oX L
>

Fig.1 Coordinate system

KBEAB@ALE B 35 £ F 3 9% 1998F 85

3
VIO = 0, in the fluid domain (1)
HA SEXHE O(x ,y ,z2 ) & Y5

7p A7 wEslolAor & AAE
b e
AR EIRL R SR

9
0s  Us 3% _
9z g 9x° '

do
[3)

on 2 =0

-2 AA 23

ﬂ=~U n
on oo

- B3 AelM A 27

Vg — 0

(2)

flo

ot

3

,on Sg(EAAAR) )

5

- F%9] Zol(trailing edge)¢ Kutta &4 :

|vgl < o

6)

et A Lo 77t
ghimel 4wt sEs Jeidln Vo9 pe 2
2} g Aollale) Lol 9bE S et

R LR Al

o7 28 Neuman-Kelvin ZA1x] £4)¢] 3
7HE SEXHE ¢ FAGYe 2E A
el 2(Green) H el & H&3te] b3} go)
Epd 4= 9lrh



C( %)+

ffs”sf‘b an ds+ff5“_A¢w-%% a
+%ffsp¢” G ds= ffsﬂ—g%G ds

y = Ix - _él
x5 ANk S1x e
% ; soldel A

C( x ) ; 2A)ZHsolid angle)

Yyow SolYe B TATH K5
3| pi

g HHg o A sShds(Low-order Panel

FA2AS F9E 23052

Z]?l(Lagrangxan)B._x_ Yepya 2k =™
o] Bajare] Wl o) 849 AL E
2z} AEERI(spline) ¥H-E =913l
2R o9} 22 FAALEE Sclavounos
& Nakos[24]ell <js) HAHde] 283 Zlo|H,
Hong & Choil21]2 8dd ZHAleAz xsto]
ZA g v A4 Neumann-KelvinF ol 283+

ot AfrEe] £eXHde] HsE Al &

WA g, M5, Ay, stedy

T2 e 32 FRARHE g, FRRAA
2 st o] FUdAT FEAEE e 4
3 B&olv Sclavounos & Nakos[24]9] =5
Al gl ARSE AR A 71E WY
E79 vl EAolA o] We] 94438 HLldt
ATk

Boo[22}&= 2+

%ZI‘{}(Iagranglan) AT i s i e
o} Bejgke] wslE: Jehth £ =doe 2
Axg Bolxw gteont 33 adet ¢
v 22 2ER] dFEY A XU 24
7o}l BASd W] sy o] HojAw,
£3] Agziolrt @& %A EAV AW
S %l%é}l‘\: Fg 7P Aek F99 AP E

Mo] % AL B o

B.

Fig.2 Local coordinate system

Fig.3 General 9-node Lagrangian element
and discontinuous element

Journal of SNAK, Vol 35 No. 3, August 1998



IRFAQeEE o188 =8

Fig2e A8 i3t 22 HFAE ERY
om Fig3d Yukzel 94 HAla e B
s 2AE Fox F v AAlzAC] FREE
S 5old AME FHabr] sl AR Ey BAH
Al 8 A (discontinuous element) & R Qe
oj7]efl hat zpMEE W82 Brebbia et al[29]e]
7o)tk BAAEAENA FHEel Beake
el Zhzt oo} o] 9 AAIRAHE Al
g3to) AL & 4 gk

Hew = D NGED T

oh‘. ox oy ki

sEm = SINGED 9,

Qe = DN 2 o

4714, N(&,7) & 2232 9HLagrangian) ¥
AF&ka(shape function)& et

xp A~Zpl1ol li By

A5 AARE 2h1d# K Lagrangian) 84
WHE AHeekn Belgel Waks thgdt 2ol |
A 24 2FERITTE AHE-Fho

b(x)=
2Ah2(x+ Ah)Z ~%Ah,$x$—%[>h,
’(~x +1Ah2) —%AherS%AhV
,)Ahz(r~—%Ah)2 %Ah,st%Ah,,

AZIM sk, e 249 ZVE veRd

21002 AHEE 144Y 5342 QAR s
A Y QA3 Q4o o8k us ATFQ8A
TRl < € < 12 AWE Fes chest Lozl
bs(é):

b1 (§=§ (6+1)°

b (= F (—€+3),

b1 (9= 5 (—£+1)°

—1=<£<1

(1D

RENEHEB@AE 2 35 & £ 3 5 19984 8H

Ololl thh 3ANN ZubEA Sh4

o3}

feliA g 2D} 12+ 23t
TE *}%6}04 AFas HHol ojah 2gawe

= =51
SELALE chesh dol 2 e 144 2%
Lelel wae) om ek 2 stk

#(x) = ngf (%) o (12)

A, BB = DT D)

i = k—NFY, k, k+NFY
7= k=1, k k+1
g, T k84 EA(centroidelAMY 7S
Yehla, NF ¢ NFY € 2R45de 28 g4
o} yubake] 94 & JERd)
ko] AZhE HEE AREEe] ZHEHA28)Y
oj4tst HHlE oha-t 7L°] vepd 4= ]l

c¢+§iff 9C N, ] dedn 4,

+ ﬁggijffsﬁ%g B{ J dédy o,
EE[ 1,38 5 o0,

) I o S Bl G dédy o
— fifst N; ] dédy ¢, (3)

714, } & Jacobian& JEhiz NBE&
FAREHY 4R 4 NW £ 559 Fde
2FY 5 Jepdg. 29n 9¥A et
Aol 248 JeRth Zb A4l HEL
TA H(Gauss THY LR TYslPon], Eo] F
& vAE AERIE AHESIo] o]y Iue
7R (Gauss  points)2  FAFSAA AELE
Telles[23]9] & wsith Azt C,9 Ak
Brebbia et al.[20]2] ¥'H& A1-8-3k5iTh

HEALR 74

do et Lo

4

==

I‘F

|

Sclavounos and Nakos [24l= AHF AlAbS
B HAlH thge] 218 sl e wal

itd



3}

ek A7 me
A SFggoR ol
gtk A4
& s

Kutta =74

o & P 19 >

we, 4y ug ko ofy
fot

skt 3arAE
dE Kutta®?dS ARgste] sfel
AEE PHAA gon, 2 =ik
A ehzh o+ KuttaZzd A& ALkl

AR AR

f sﬂpn" ds

ffsﬂpnz ds

p = —FUV P +2Uxs)

14

(15)

(16

an

(18)

CL= ——— 19)
Lotks
A7, o= f7e AEE ez, S - 4
Zolo) mEZo] x 2970l E Yehith

5. AlptAD & uF

Fig4t 2549 offoliA FHsphere)7t AXE
w2 &5 FRQeA Axte zaA ATl 4
A+E Bessho[26]9] 1A#fe} vlwgt oot
o] AeZolh)e 7o wHEa)e] F ulel 33s
I, AFFEe Aabdde 0 < ya < 7, 4
x/a < 1022 sgon, xud 4270 yiaF 1870
o] g8 BZEUCE AN Fo FHE 7
Zt 22 m A 12709 307HE BEsiwch At
ARee A&Pddnt 1499 25 Ao =

dAsh= Ag B

lo

4,
¥
K
¥Q,
o
Ba)
Sy
o,
¥
g
Shs
i
o

4

0.03 | Bessho(analytic)
[f present (body 12)

0.02 [:) present (body 30)

0.01

0.00 0 ]

-0.01¢ G B

05 08 10 12 15 1.8 20

Fig.4 Wave resistance & lift coefficient of
a sphere compared with analytic

solution{ Fy= U/V2 a g h/a=2)

Figst 248 784 (-2ol DL = 02,
AH4eziol-Zolu) WL = 016)e] Thsh AN A
9 Doctors & Beck[Z7l9] S&sist ulmd zio
24 o A9 phE Ae el 2212

Journal of SNAK, Vol. 35 No. 3, August 1998



2.00 — Doctors & Beck]
®  present
S 1.50 b
D
~
*
F L ;
&) 1.00
0.50 »-
0.00

03 04 05 06 07 08

Fig.5 Wave resistance coefficient vs
Froude number (= U./V g L) of
a submerged spheroid(h/L = 0.16)

Fig6& Figh9] Aitel AME® &4 7¥A7}
Fy (=U./VgL) =06 082 358 o %
W G WelE Sndo2 ek ado]
o 2zt A ulg AARGA kel WAt g

of PARzol B RNFHW UL BolFTh

Fig.6 Wave contours due to a submerged
spheroid( Fy=0.6, 0.8 .h/L = 0.16)

Fig7& 53 fa3M A= NACA00I2
dug 7 FhR-AZE7E 209 A $5
e FFAEAY JHREZ ANG Bsjoluh

;\zo]_/] ::]Ctﬂ-‘ﬁ]:_\,}. A;ﬂ] ii, 7_},7L 247H 14

KEDENBRRE &£ 35 % £ 3 9 1998F 88

el FHaLZ sty ANE it k-
AZB7E & AS FEDPAME AL 244 R/E
EAE Y Ao dAEEs B3I 5 oM 2
A 33 FFoe] FYTRAM A
& vustgen, 2ade] Ay, s@ds
12008 A9l dAEt AFE BolFu vk ¥H
Aol A eaYel FaHor HEd
UATE BojFa gk

3.0
° present 3-D A.R.=20
present 2-D (Panel Method)
1.5
a,
©
]
0.0 Ao—o-—o—;‘.\:_?:‘_’\‘\;\&
P " . | - I 1 " L L 1 L i L
0 0.25 0.75 1

cl?bSrd

Fig.7 Pressure coefficient on the mid-span
compared with 2-[) panel method
result in the unbounded flow

(NACAQO12, a=5")

Fig8& 4 ol hic = 059, 109 (¢ ; F5¢Y
30x ZHol)dlA NACA64A412¢H S 713 712
M| 287} 421 FFYo] Fy = 32389 =22 A
18 o $Ha ggee] HilE Wadlin et al{2g]
9 “"ﬁi’)r vtk Akl AME-E A
& < y/c £ 68 -35< x/c < 1250]2
Q|7 XHC’r—’F“‘«] 824 5 242 12070, 600
o FHAsY A 2 29 v 4
ALt vy A8 F sk UeE
& = itk gEAS vluN Az F Y
Agelng vlHdgde st FAo g ot
AAGATE dalFd F 2 MR 83 29
g £ 7oz 4gzdr

2 el % FREA AR egAd e 2ot
H AFs A FF9Y Aol £xwst

‘{0 = ‘h’ of

o= ]
-1
==
5

°]
=



2 A Wsle ARG At

& Fig7eld AH-HKH
NACAOOI2E S 7H & 7hE-AlZH] 490 A
FEYoln} WEZE BF 6 2 aAsAT (o]

6
T ANATE B o71M dEE FEdd g
Ith

EXP. C,
______ EXP.C, %10

® Present C,
© Present C, * 10

h/c= 0359

Lift & drag coefficient

0.20 .

0102 - ____ \/

.00

-0.10 = —— ! L L
-3.0 -1.5 0.0 15 3.0

angle of attack

EXP. C,
EXP.C,* 10

® Present C,
<& Present C, * 10

h/c=1.09

_0.10 1 —h 1 i
-3.0 -1.5 0.0 L3 3.0
angle of attack

8-b)

Fig.8 Comparison of experimental and
numerical data

( Fy=23.238 , NACA641A412)

Fig9sh Figloe Af%5w obaold wg
6 2 Mzs= stE-A=u]7) 490 NACA0IZ ©
W A2 SFele] @edolst Swol utE U

3 gele) Wake Uehin ok A4l Ael

WU, IS

AN

=
(I
0z
i
ol

S

Atdgs  AAlesd B¥ &= Figdd

NACA64A412 1 o] Akx3 Sdsit
Fig9e &+l b/c = 0

30 and 4004 &xriste] wi d3HAFe} e

Agel WMEE BRoFn o £571 S

=
e} o o2 FEASs AT sz
7t A F AS 25 g4zbe] geriold 44
# o fushs o) AEE 2 4 Y
nEQAAAE FEI A% 27 ol
@ BEe Aol ghnold gad A% 2718
—— h/c= 025
- —— h/c= 0.5
0.75 L —_—— I:/z =075
—~— h/c= 10
—— h/c= 2.0
—S— h/c= 3.0
—>— h/c= 410
C 0.50 ) angle of uttuck = 6°
L
0.251 ( b_f/’—i::;
e
\ ——
\,,_,,/
0.00 A 1 1 1
0.5 1.0 1.5 2.0 2.5
FN
9-a)
0.08 —=
—— h/c=0.25
—— h/c= 0.5
———h/c= 075
- —v— h/c= 10
0.06 —0— h/Z =20
—&— h/c= 3.0 i
—— h/c=4.0
C . 0.04 ungle of uttuck = 6"
o0
0.02
=g
0.001 1 1 1 L
0.5 1.0 1.5 2.0 2.5
FN
9-b)

Fig.9 Effect of Froude number on
hydrofoil lift & drag coefficient
(NACA0012, AR. = 4)

Journal of SNAK, Vol. 35 No. 3, August 1998



TAHARAHE 0|83 0ol LIS 320 ZIHEA A

el

15 dskE deRds o4 g 3ol
3 % 449 KutaZde] 2 9581 318
o7} olxw A

e Friehe skl UL, B
718 e gasts dago] o6, 25YdY Figl2Ee Fy = 07, 14904 h/c = 025 05
e T ke pld 3o £3eo] AR 075, 10 I5olo] me FFole] Fgum(y =
ol 2 /'*i zLo =N Q. olT1 © as
D e e e ey o 0PSl GRS wols Sk Ry - 079
A4t astel HA "ol ol21 (1 o] A M 5o giEwn | B 4ol u
e REQelt A 28 AW U sk g T ESE AR S weiTa e, Fy - 14
AFE FEASE Th) 2ol BAaske] Fy oM Ewel Wske mAdta 2R %
o8] gtow sl MRS % & otk o} = weeeAle] giele] H5gole] whe}
dagost SR Afrwel ge g Lo E AR E TR

T
7]0]°ﬂ}\—‘—f £xof ul& UG A gt Al =2 1.ou

o
kY
&
)
k)
i

Hough and Moran[10]8] 23}
A FEe] tiF s A} vjsedg RolFa
Qrk. wezolel Lol wWE kel ws: ¢
Hough and Moran®] =#3}5i5%0] A&
Hazio] Wzle] wWE & %3 o15(depth loss
or gain)¥ YAl Fnof o3t &4 L
o]E(speed loss or gain)e& uyol AAE £
itk Autxog H47lolrt Qe E it g

2
go] gast: Hgo] A, nkow VFE B

0.75

0.50

0255/

.00

& solold FEAF gkl M ol 10-a)

A3 de AE B F Ak FFYe] Hstd

ArFol7h gopAw Felo) iz FAdHol d a.07f, TTRIm

ofg + ey, dPHE oy nFow i o Rezer

sl ko] 3E Ao glong 5zlold u , e F= Lo

& gEns £42 ox Ax B2y £ age A o RiiE

o & gek, W """ o
Figl02 Ztzhe] A Smofr zhgzle] ¥ 0.03

gl sl FEATe FHATFE Blﬂﬁ}ﬁ‘:}.

Fy = 10 oJ&te] A&ofAe Faziold] me &

23} g A)4e) Wy} AR Y Fy = 1.00149 LTS 1o 1 2.‘;:/;.[5 30 s 40

n&FgE HEHTL AR B AL & g 10-b)

Atk _ _
Figl1e Fy = 18 22l3 #420] hc = 10 Fig.10 Effect of submergence depth on lift

& drag coefficient

of g AFAFANN FFe] Adlgew (NACA0012, AR.=4,a=6")

424

KEEAEE@ R IE £ 35 H 5 I 9% 1998F 84



10

Fy=1.8,h/c=10
angle of attack = 6°

Y MID-SPAN

Fig.11 Pressure coefficient variation along
spanwise section(NACA0012)

3.0(

-

L5

12-a)

301

0.0}

-1.5r

0.0 0.2 0.4 0.6 0.8 1.0
x/c

12-b)

Fig.12 Effect of Froude Number on pressure
coefficient at mid-span
(NACA0012, a@=6")

=
e
o
gl
el
N
0x
_(')_15
ofn
o)

3.0

=
ENEA

oo

N~
“

.. P\ S S ) t '\\
y;:: settt et € i:tb&-t\gg
3

-L5
1 B S S L J
0.0 0.2 0.4 0.6 0.8 1.0
x/c
13-a)
3.0

N~
DR

-1.5
. o . ;
0.0 0.2 0.4 0.6 0.8 1.0
x/c
13-b)

Fig.13 Effect of submergence depth on
pressure coefficient at mid-span
(NACA0012, AR.=4, a=6")

|

Figl3& h/c = 05 1008 7z} uAst
FN =05 07, 10, 252 HE o FFlo) F9
By = o149 FAAFE wolFa Aok
m AFH Aot SEsle] BAZ o 2
oAME 2 5 glck
Fig.l4-a& #5Zo] hc = 0HhY 9 &£xx3)
o Wy = 0lH AfrHel WSS Hlmalod
ehd agelth £57} F7HAA Sl o
& g3 A7k 37 Sk Fy = 10015014

e b st 234 gawe @

01-'

-\

Journal of SNAK, Vol 35 No. 3, August 1998



LAFAQALEE 0186 #Fo tidh 3x ZTHEA s

F St} Figld-be Fy = 07, 14004 72z}

e} whatmbrh A Al ArrHe Bige) BE
£ BoFErh

Figl5-at Fy = 07904 #53Ze] hic = 025,
05, 075, 1022 ¥Hg o y = 0flA AFFHe
HAE ”]iﬂ?f}oi LERARITH EH*’W" 57
oj7b w¥& A HHmvt IS o F Stk
Fig.15-b= h/c = 025 10914 stze] Fu4e:
HoF531 9]

14-a)

H10

| h/c=0.75

L

14-b)

Fig.14 Wave profiles due to a submerged
hydrofoil on y=0 & wave contours
against Froude number
(NACA0012, @=6" . h/c=0.75)

RELEMEEBTE F 35 £ F 3 4T 199845 85

11

15-a)

15-b)

Fig.15 Wave profiles due to a submerged
hydrofoil on y=0 & wave contours
against submergence depth

(NACA0012, ¢=6" , Fp = 0.7)

Fig.162 z %3 #HWE 3A 3l h/ic = 025
oA Fy = 073 100149 34 mte] A8
Jehilen, F &EoA 5] 2o WA
e A EAL I B F1 i)

6. 2

{AHS

e M8 3ak fEEid En
AAE ) FEo} 84S ¢+ A

aAHFA LA
AN, &



L5l gt GAlel PR AR5Y
Je FFUols ol oJaf Wat 2 A

H

o 2 > mo lo £
1
4
o,
32
o
£
4
ofi
19
o
N
3
).
)
rE
do
3
=)

At F59
g R R
al g agla gpwlHeld
(cavitation)& &t Alrte]l Hadirtn 2ot

hic=1025
F.=07

16-a)

h/c=0.25
F.=10

16-b)

Fig.16 Perspective view of wave elevations
due to a submerged hydrofoil
(NACAQO012, a=6")
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