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Abstract

To simulate the ocean waves more
efficiently, the three dimensional Navier-
Stokes equation is solved for a ship. The
IAF (Implicit Approximate Factorization)
method is used to show a good success in
reducing the computing time. The CPU
time is almost an half of that if the IAF
method were used. The present method
adopts the local linearization and Euler
implicit scheme without the pressure-
gradient terms for the artificial viscosity.
Calculations are carried out at the
Reynolds number of 10° and the Froude
numbers are 0.25, 0.2890 and 0.316. For
the approximations of turbulence, the
Baldwin- Lomax turbulence is used. The
resulting free-surface wave configurations
and the velocity vectors are compared
with those by the explicit method and
experiments.

£_OE

Ay 7184A 454 AAFA o
=F B xgHoe Ay HAsty g
F#obd F2 AHEHE implicit '¥¢  IAF
(Implicit Approximate Factorization) &
ol 32Y MY FY AfEHY ¢
HAAFETZE A4 IAF P& AHed
224 7]& Euler explicitd A4 AzHe
50% old #A&EAFIEd AFsRT. 3
Moz I8 MY Euler implicit ¥&
AHE-3tA 2™ artificial viscosity®] AAE
A% &Y 7oL YA w1 4
2t€ Reynolds ¥ 10°, Froude 4~ 0.25, 0.289
2 03169 d&d £ dHF mYgo
2 £ Baldwin-Lomax = ¥& A}&3}¢on
F8 A 22+ AREEYG g4 L &
E ¥ FoY. ¥ AFqAME 1 B9
A AFEASG Pao] U AL dns 4
¥ # ¥ Euler explicitd @3¢ ztzt nim
AESA,

1. A&

— 181 —



& =894 AME 3 W IAF ¥
Navier-Stokes ¥ 34 & #TAEHeoE &
T A HEFA FXI)1Y2R Beam and
Warming”ol A Alz=gich o] wwje) =3
L2E I nE AAAAE AR Poz
Azt mEEgY A 3dd] ) Fo
CPU AlZHE €Y 4 UdE A $£x349
7199 Aol BAHO CFL 238 ¥ 1
2 Al FEY AR A4 59 WiAE
F Ao A vEE 2AF AR
Euler implicit® <AlMsta ¥ A4 &
FE Ay "ulE $A4L A
WANow ¥hEY, o9} TE QAFE
(factorization)= 39 EA19 24 A4 A
g 433 958 5 AE FA JEd g
FEF 4EAH FA dHME 4G B
& go] o]Fojx JE{E Shang®& N-S
A 4E Fo] Wing-bodyol d@ AAake
4829 Shang, Hankey and Petty®: 3
Y FH-Mol-dF BEES HHYPx
Shang and Hankey”: 339l ®Ajzle] o3
Al N-S SRS FA w424 2Aw
FrEollXe HAY 2 wiFAgde 28 A5 &
Fg Adsted 4IRS vgERA 54
o 4o B/ uEYL FHANEA G
£33 el 2 A& (pseudo-compressibility
) BE AAFHo=Z YoM A Wy
t Ao, ¥ =FAME Kohara”9 24
€ A IS 3RUeE FAgsto % A
AL U oz MY dAde A=
$48 Ex2 sq Wigley modelel 2}%¥
dE EIPAA 344 IAFE HA SEFS
AL Aol
71€2] Euler explicit HolME B
Reynolds 4=9] #Aitel] QoA wj$ e F
A} HHe] Yasn 1 AL P
oldl ®&3& olF e A FRo| 87
57) Q& A AZto] B3] Hojm 4
stell AKX, 2 IAF YL ALY A

flo rd aft =2

T+ A 719 AFAol FAHE=E Ak
FE AtE 3A 8 # dx 23 oAy
WAL £5 WE dolojad g¥E o
A QA ARE 4 AU o] AL IR
2] A& Euler explicit 43 ¥ ¥E
gle] AHE-E U ‘

€ =%9 AddME Reynolds ¥ 10°
Froude € 0.25, 0289 ¥ 0.316 °Jx &
# E¥o 2+ Baldwin-Lomax9 4§ =¥
€ AHE3Ia, A4 AHAE Euler explicit
2 49 @3 g4z wmasgo.

2. =AY
21 71 $34

Ht&HA #Me Navier-Stokes? WA A&
=R gy

Ju 30 ., 1 . ( du, du ou

ot o t I\’PV u (II’(-?'I? +v7b; +w 62)

v 90 1 dv v dv

ar ay + Re Fio- (" ox he Jdv e 02) (])
w00 1 o, ( dw, dw dw
I~ "o tRTH (” ox Floy az)

A HES §Y ol L, 2 C T2z B
243t @ Aoz ‘g Aglo] Y= By
€ E¢01 3 93 gL FAE z:=
o},

u' v —w
U= o V=rpn W
e e dian
(2
P ¢
pP= 0C? [=-L /C
971 p'E Wxot}
¢ 0 t&F} o] Ao Re:

Reynolds 4°, Fn¥= Froude 4-°]t}.

— 182 —



0= P+riy &)

T3 @ d$3RAL o 2o

du, o, dw
ax + oy + 02

=0 4)

139 A ARYE AH4se olassw
the3 gl |t

"nH am
O
21 T ay
’ ®)
=Vl p (00, dv. 3
F—At+ReVzv (ua.r+"6’y+waz)
w90 _
ar ta =¢
w1 dw, dw.  dw
G 2i TR w ("8.x’"6y+’0z)
e Yo /Y HO| RS FYad
OE | 9F 3G _
ax ' oy e T VO ©)
1 auﬂﬁl avndvl au'_'l+l
(M v oz )

AfFEES ARANE A% TR
JAYIA ¢4 AAE 7 (xS & o
Azt A Bl

dp _ dy , dx 9y oy Iy
dt Tt e ax Yol oy @)

°l HEZ o2 RH r}ge] BAL AL £
.

an _ 9 _
S~ wugh-vgh ®

22 IAF ¥4 A4 3y

€ =F8d4 ALE AMTEe FaEY

[11¢9 A4E& &Hgd 7Ixg F31 ok

334 N-S WHAE IAFHCE olasishd

43 483 o] 4.

£ -sweep
{1+AI[A+A—:?—C.(06L;,+0%)]-}4¢'

B ) 9)

="-"[M«TB¢n’Cd:—ct(ﬂqu-.“lrﬁ “dsc

+a(u+‘¢::+f€u+ﬂﬂ+‘€v+"¢c) "
+A(Ca(dAqee+-edgyc+ [Age)™"

7 —sweep

{rrat+85-—cs (b +hm) ] faeee

(10)
=dg

—SW

{1+4:[C+c-:?-c,(,_8%+;_;7?)]-}“. a1

=d¢**

ol £E= g o] FHL.

gt a 12)

€714 94 A, B, ¢ dRYs ¥ 4
st o8 dojAx e 7R Yo o
gt

A(Ag)=dAq+ Adqe=Adq+ Adge 13)

AY du=Ee 193] Hdysd, ¢EA
FAAME A& GHA o FYdgo] A ¥
ARA &= W go] FAo AHAE oz
U, & A JlddAE ungEy felr]
e 4y Fulgd AQRe=Z B
A @3 dx £x 9 Qg ¥y EAY
8t block HZPA-E WHEN & wgoz
sweepdle] ¥o 7l wyoltd, o] whye
FeiRe Az vasid Aol & gol

— 183 —



23 god oz Y9 Aol 3AY £
TE FAd Eold & U] W
#el IAF e HolAHe, £ AlddMe
o] AMdAME F#9 explicit &
adz HEP®x =etA Poisson FAA
o# wrE Aag FYPsE Aot dHY
o dsiAE 32 T4 AEPE AHSReT
£ sweepdAE 55 U4 P& FAs
o & 7 92 ¢ 9ggog Az HE AN
ot

23 A4 2 BAzA

AP LS &M AREAY 2o 7HF
He H-H gug 93ttt +x Ae=
= J188E PHe ALdgn Ay, #
UE 52 adstd s M4 L A
RN BEG ARFd T AHED A
gole] gge W wA sgch 2z v
Aed AAzAL G gt

A5 A QA

u=1, v= 0, w=0 .and p= 0

Au= Av= Aw= 0
a7 A :

ug= ve= we=pe=0

Aug= Ave= Awe= Ape= 0

oy

’ Up= Vo= Wy=Dy=0

Auy= AVy= AWa= Apy=0
AXEA:

u=v=w=0, p;=0

Auy= Av= Aw= 0, Ap;=0
AR A:

he + Uhg +Vh, ~-W=0

and p=pa on §{=h
a2 olde] H3 PAHRA ¥ FAE
zero gradient A& A% AT

24 9% 29

B A A ALgE 3F 2% & Baldwin-
Lomax o 9% 0-'3A4 diFxgolr. &
FHolo A F2 o] ALEEHEH AR F4
o] ¢3E A7) 9 Cebeci- Smith 9
2YolA B FEE Aotk 2F 39 EY2
2 MARH 77 YoM gF, A
AMEA Ag R HolE=4 T gl
i, vg GYQolE ZHAC g% 4F AF
A Wol

A Edo| 7 FYGoME

v, = 1% |u| (14)

o714
i= knfl — ezp(—n*/A*)}

n+ —) ch\/r—.' (15)

SolA ok SFojdn & MAEWOZ &
el WA Azol.
H gedE The el 48 AE @

v, = l{Cq,Fklcb"mlxRHllt (16)

hnasx

1, = KCopFuaCurlaiss® =
Frnax (17)

o714 K=0.0168, Ccp=16, Cwk=0.25 o°]il
163 ANA FolA 7} ge AT,
Foox & Do B2 5o 98 AAFNA
123

F = nlu|[1 - ezp(-n*/A")] (18)
Faui £E EXUold Fo Hugolx

M= I AlA 0ol grolth Ugs £ A
59 Hasse ool

— 184 —



1
1+ 5.5(Cri1esn/ Tanas )8 (19)

Fl\'lcb=
71N Upn & wake H-& AYsta: o
o2 ¥t LAY Fyws

Uagy = Umar = Usnin (20)

4714 Cres=03 22 ¥t}

3. AY Fds 4 AE
31 AY =31

S 3% ANl HEATI ANA
T8 MY Wigley 282 93}
Aol £89% Ax Alxde AW uaE
A3 A Euler explicit ¥¢ A% $4% HY
He oz daigc. =@ AN 99 @
A2 ¥Y, FAFE BT AW =3 3
oA AL Y. FAE 74X29X
108 AH8R1, YHe& -07<x/1<15, yA<
05, @ol BFoBE -01745<2<002 §
% Ade AS dAoEZ AFHA half
domainol A%t PR x7] zPoz:
48 L $E7} zero FHERE ASHAT
AT AN FBAL sy A
Reynolds 4 10%1A $3i Froude %%
025, 0289 ¥ 0316°14 WAt 43
AL Nz BHE IAF PolAE 00028
A48t 3L Euler explicit YoM E 000052
A AFH oz 4z st et

32 A4 A% 4 AHAE
Fig.1€ Wigley 28<& 71X 1 IAF W€ A

8 AdY RS2 Froude $ 0316914
9 ZARER Ba FaAMoltd Ao mE

AFEYEY] ¥4 3L Jeded 234
AlZF t=30 F2AA A9 $ge] @ Ro=
Uelgth o]AL ulAAY L gAY A
T& A4 ALY & AU, Fig2:
F Y AY A48 vad AQd g
9 Zolg HMolL Utk TE Reynolds 4
o4 Schoenherr wt¥ A% A4 vlay
Sl IAF ¥ol 233 Z wgtoy ¢
Agos F 4y 2% ozle] xjol8 w
o]i Utk Fig3e A4te mue] FPAL
AE37] {5t IAF Y9 AR Euler
explicit %® A¥XYg wag Aoy,
Froude 7} 0289914 &3idel A4 ZAs
o ¥y 238 vady B o e g
At 2% fAE 2HE BodFa 9,
AP E  wasHgd, A4 ZdAP=
Reynolds 47} YA &tA &7 g AF
ZHQ HlwZ} ojPAT phase R Hue ¥
Rol7} AHoz gFA o] e ReF Y
Ebxtth.  Fig4: Froude 471 0259 A4t
2d3F AT 3F wEg B4E Aot}
Aser] fa7t Fylo] Baxa it} Figh
= JddoAe £x BIE JYed Ho)
. AP B2 A vortical €50 F3le] U
Ba gtk HARFY 99U My Bz
Aqx £x E¥XE A3 Adse AL 3
2% FA=Z UAAT & Al E AL
A7 BT FAYL S 943 XY 4
AEE 2I3A] Z3la £ yye g
T Adul B2 EY8Y aL5o] 433
A Aok HHAYR A7} explicit ¥
Zoj7h Y AE ZEAHQY 9oz Ay
FES 3@ 2480 49¢e] HE A 2
o Fig62 AREEAY] &5 2¥Qd ¥
HHT ALE3IH7] B o] explicit He) &
I} @ Ae]g Hoelx gt

A9 A8 AL ARS5L a1 ¥ o JIAF
Yol explicit ¥ Btk FAHoz Az 1}

— 185 —

9011



Bz ¥ge ¢ F Ak 2L A
scheme & &# 'S unconditionally stable
&) qEo Fx AMG AT FFHE gz
AAY 4 AR oo HE AAE L8
r A4 Aol 50% o4 AZE & UM
. oRL MAAN A49 FL Reynolds
o] A Navier-Stokes WA A< & &8

= 9s CPUE 23¥ o A9 F3
2 Azrdrch

4 HE

(1) 3#44 Navier-Stokes ‘¥ A32]& IAF ¥
< Hg3to £ AMNSAT. AHE o
A A¥or Wigley Z¥ES A3
AfEAS] B ¥4 L £ X F
< AN ¥ 71&9 Euler explicit ¥
92 49 dxs v A

(2) ¥ 474 /ALe IAF He AHEW
A3z ¢AHY FH FIES A
ol AUL e FHUAYE the WY B
o HgoiNA gt FA AN
A% Az EE HAE 5 AN 9
Eol A% Ae] 50% °l¥ dEAHAU
o

(3) ¥ 79 Pyl AMrlg e ERF
Aygol A8¥ A /TR AY
of 285 Hdi@ ¥E L ARHE A
#AE 4 Jow ojRe MH A
€ =3¢ 74 € Aolth

FaE¥

[1] Beam, RM. and Warming, RF., "An
Implicit Factored Scheme for the

[2]

(31

(4]

[5]

(61

— 186 —

Compressible Navier-Stokes
Equations”, AIAA Journal Voll6,
No.4, pp.393-402, April 1978.

Shang, J.S., "Numerical Simulation of
Wing- Fuselage Aerodynamic
Interaction”, AIAA Journal, Vol22,
No.10, pp.1345-1353, Oct. 1984.

Shang, J.S., Hankey, W.L. and Petty
J.S., "Three Dimensional Supersonic
Interacting Turbulent Flow Along a
Corner”, AIAA Journal, Voll7, No.7,
pp.706-713, Article No.78-1210.

Shang. J.S., Hankey W.L., "Numerical
Solution of the  Navier-Stokes
Equations for a Three- Dimensional
Corner”, AIAA Journal, Vol.15, No.ll,
pp.1575-1582, Nov.1977.

Kohara, S., Mori, K. and Doi, Y., "On
Improvements in Efficiency for Finite
Differental Calculation of Free-Surface
Waves”, Second Symposium on
Numerical Fluid Dynamics, pp.619-622,
Tokyo, 1988.

Kwag, S.H., Mori, K and Shin, M,
"Numerical Computation of 3-D Free
Surface Flows by N-S Solver and
Detection of Sub-Breaking”, Jour. Soc.
Naval Arch of Japan, Vol.166, pp.9-16,
1989.



Fig.l Time Evolution of Free Surface Contour at
Fn=0316 (a) t=1.0 (b) t=2.0 (c) =25 (d) t=3.0
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Fig.3 Free Surface Wave Contour at Fn=0.289
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Fig.2 Calculated Drag Coefficients at Fn=0316
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Fig4 Free Surface Wave Contour at Fn=0.25
T (@) =10 () t=20 (c) =30
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(d) x/L = 1.06

(b) x/L

(c) x/L = 1.00

Fig5 Velocity Vectors at Longitudinal sections
(a) x/L = 0.84




