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Analysis of Flow Around a Rigid Body
on Water-Entry & Exit Problems

by

lI-Ryong Park* and Ho-Hwan Chun**
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B =RoMe FHE(water entry) L olF(water exit) EAE fE3e] iy Al 23
2 vik3A Navier-Stokes™ 342 ARk A (generalized coordinate system)olA] -3k
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Abstract

A Finite Volume Method for the discretization of the two-dimensional
incompressible Navier-Stokes equation is used to analyse water entry & exit
problems in a generalized coordinate system. The free-surface deformations
generated by the water entry or exit of a rigid body are simulated by the Level-Set
scheme(11]. In the water entry problems for a wedged section and a flared-ship
section, the calculation results of water impact force are compared with the
experimental results(5] and the time varying free-surface deformations and flow
characteristics of the water exit of a cylinder are investigated.
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1.ME

AR s drzEe] s ol Yiyer
ke Ao, $AY e FEshe ¥
T2E FHo| ZL3hs AR w2 qhust
F2Ee HY 7o &2 Fag HA ¥
S

HeEAlol tisiME von Karman(1), Wagner
(2) 59 5% ol&(Momentum theory)&
ARSI A E Z1EAQ E8A olaizt Ut
Troesch & Kang(3}, Yoon(4)2 Ztz} AHA A
27 FEM3IA S AR8sle] all4i gk vl ich

e &84 (splash)d8 & ¥IAEA
S Hoh dEd] 3eig AFEL, Zhao et
al.(5]¢] AAREHCR ALES Hdddvtst o
ks AE LHEHI, Arai et al. (6] &
a2 (Finite Difference Method)® VOF
(Volume of Fluid)g(7)& AH&sld FHHE
AEAE TFREe wHgAdd digl d7skd
¢t} Muzaferija et al.[8)2 F&AA (Finite
Volume Method)® VOFRE(7)E& AMS
Zhao et al.(5]c] AEE FXES ol dis)
2x1l3 3a EAIE dldsle] Ay dAshe
ANE BHYct

9ol AFT AFEL BF TZEEL HE
7Hsls oy, olF edAR shgstn F2E
WEg 783 A7 Arai and Miyauchi{9)el
oJ&jA] R AT

olEAE Telste(10)e <& XRIE #-F
oM &xo W el wisiel YA
o EHel gtastol disf A4l

£ =5 220 vgEA Navier-Stokes
A4S dukzxlF A (generalized coordinate sys-
tem)ol| the #8412 (Finite Volume Method)
o2 olxslstn, AAHY T vl AEel & &
A AT 5 e level-set(11)71HE =4
slo] AHFEHES AR)shch

FRAAME RN HeA] 7A5= Zhao et
al.(5)e] AdZAze} wlwstm, ZAFTH(H7],
flared-ship @%)9 #5% W3E AWEIITH

Hdg, dzg

osBAdNE A AfsRAlels) BEae
o ols) VYA ook Azl e Y
5ol v Agevel wsE Asug
.

2. BHlel A5
2.1. O|%A Navier-Stokes A4

S4

¢ <0 {air}

S2
¢ >0 {water}

S3

Fig.1 Definition sketch

Fig.1olA BARRE Rzt Zo] 37l B9} 49
o2 ol {5l it Aujubgae o
213} Zo] ofFalell dig 2akd A5 WA &
HAA g B H]9b2A] Navier-Stokes W3
2og 7gginy

vV-u, = 0
ﬁuw Vb
ot +(V " uw) Uy= 0w
Vo p,V Uy,
+ — 4
Pu o
, x € the water (N
V-u, = 0
du, VP,
Y, +(V * u,) u,= o,
Vo u,v
+__/‘_ﬂ+g
Pa
L X € the air (2)

A7, ulx, )& fEAEelL, p(x, e 4,
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Baok o4 SHOIA ZAFEY S

pe HUE, pv BT, ge FHKEE U
Rt ol ¥zl w, a 47 B FUY9L
Yehiz, xv JaATANE (1, 1) S UE
pul=2

2.2 Level-Set 71

F A9 AA He Aeede Age
Eulerian 7189l vl8-& &, o3 & level-
set T4 o(x,f) MIL =90 5 YoH11).

<0, x <€ the air
o(x,) | =0, x € free surface| 3)
> 0, x = the water

A7A, $(x,)) =02 ARFAL oAt 4AY
A% G olFetm Theel
& AN E Av

—%’? + (u-v)p = 0 @

o[2g level-set o] Aolol 2lair] =jufxt

B4 (1), e A FAGGN 3 el 9

ez F £ U T2in B9 FPAee

level-set &=+ gkoll wha}l g3} o] viepd 4
At

P(¢) = pa+(pw—pa)H( ¢) (5)
w(P) = p,+ (= 12 )H($)
AN H(¢) = Heaviside T4 H(4>0)
=1, H(¢<0)=0, H(¢$=0)=0.50]c},
Level-set 3 ¢(x,H) & T35l ZAZ 3
g AL &9l 27FA] o220 sidl.
-9l SEAAA b(x, )T HeElE B
3] & = glvke A

~HEsh B Be Belgel T A4l AAM
& B34 BASgoz A
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A WA o2 &2 Level-set ¥ ¢(x,DE
olfAl 7AW uislM A=)l (distance
function) 2 7F¥3I9 sjd& & Qlo}. a8y ¢
A A = AAFAIZIe] XA level-set
Tt Az AE fAER @] diE)
o] WAL o] 83k level-setdE 7AA
Holl gt F3(signed) ANE 42212 dart
12, 16).

d(x,0) = ¢(x)
aT‘;’-Fsign[cb(x)] , ggl - vd 6)
= sign[ $(x)]

A7IN de A-Folxm,  sign] <01 =-1,
sign[ $>0]=1, sign[ ¢ = 0] =00It}.

AA fegolr 2(6)S WEshe A +
HE e 7€ dave glon] AAW gt
FHE7E FHAE o AR AR dolzk
9k ArETe g «7le) g AEe A
a4 BN e dgE Rojr)

Level-set¥r& =43l Arle 5 H5 o
Hel BARE 53 Belgke] BAEL o)F4A)
7BARe] Eejio] A& o Wslke dAHF 1
qd FAE g 9 HEEg £ g
(12,16).

olfFA ZAAHS T ZAxA(dynamic
boundary condition)< level-set +3Z £
st} o]FAl AAWE T 5L s4e}
v Aeg 7Aoo wEstn, $584 AAz
ZA(kinematic boundary condition)& 2](4)&
FAM FFH o=z AR

3. XA

RlHHREE A 0|45t

A S Y8l FERe] A g duta
BEACE, &E)E WSS, Fig. 29 Zo] vzt
ZA2Hnon-staggered grid) & vlEto 23 §3lH)
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AP L ARl ojibslEldch diRFae] A
hybrid7|g-& AH8slen, Ak ge] tg of
28k= Crank-Nicolson¥S =8ttt &$%-
org A4S 9siA SIMPLE €xel&(14)& At
g3l 00, ojatstd AYWAHAL SIP(15)EE
o] g3l ATt

\ /.\, — ,,.\,_ -
/\/‘,-—"9”"‘. |
X SRR
: Y \
| b T e CRT N
T
%

Fig.2 Control volume in a non-staggered
grid

vel- 7 [} E &

Aol AZHEe]  diEiME 2aExe]
Runge-Kutta®l& AH&sldn, oifgdel disis
= 2352l ENO(Essentially Non-oscillatory)
H(13)8 Akgsl] ok} & & faEHes
Axatdct. A(6)el olatstel digh A W&
3} level-set3tsrell tigh At duEe FaE

3 (12,16)° Ut

AAXRA

EAZ GesiA7] s 2 e A
E A ZRAA R fA7E ol Esie S 8t
Ack. Fig. 1ol A AA—) glold, S1737)
gel 7% el AAR He 99dMe

22¢ Bystn Bl ke I
dAe dIzAE FU  S2BA™CIME 4
B9 $EARES W 7Evt 9
o] H=E s%th RYAA7E He S3eME <
A FASEE st s47AREAME &
EAEEY] AZMAsEo] S473AEE B WA

uog, ¥z @

whako] ujAdEF} o] AANE B3 FEFHO|
solgakm  AeE AiE  Y8E5SZ(phase
velocity) 9 |3 #to] ke 23 ¥R
o}

4. AxtEn »H EE
HeEAlM AH-E ©@HL Zhao et al.(5)

o] A¥& Fig.3d HS 1Y d¥n
flared-ship ©@9oln, Y3l&xe Fig.dsh #

a) Wedge section

b) Flared ship section

Fig.3 The configuration of the sections &
partial view of a computational grid

6.0 T section
sof

—

(5]

@

1723

E L Zhao et al.[5}'s drop velocity

- 4.0_-

> 1
or Flared ship section
20 IS I ST IV WNIPIE IR ECANE AT EE ST At
00" 0.01 0.02 0.03 004 0.05 0.06 0.07 0.08

time

Fig.4 Vertical drop velocities of the
wedge and flared ship sections
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Fig.5v #7138 @99 Al @& 334
ol thall Aakpel ALY 2159 98 4E
Aztel uvlmy adeltk, 70x90  AAHAH
(control volume : CV)&oll digir AJ7kzHAH
At =5.0E-5s, 2.5E-5s2 % &1, 100x140
AANRAGAME ot =5.0E-5s & AL Az
5o A v&dgE Holm ek ¢ =0.01s0lF
A#vte]l Aol Zhao et al. (5] Muzaferija
et al.(8)9 AN E UEREon, Zhao
et al.& o33 Fg ¥l (B} 7FE£=
o] Zo|( L)v] B/Lel tid 3x1&H} wfE]
Roz sfMstrt.

Fig.6& AlZF¢ =0.00435s, 0.0158s, 0.0202s
o u) A Cpihs A8 vlmd Zelr}
Muzaferija et al.(8)] AT}t w72 ¥
@t AFEHQ Aelrt Qe RE BoFErt

53] Fig.7-be ¢354 HYd o 43
¥} 2] HE S HAFm glon, ol
o] g o] JZ(knuckle) & Blojv} AZ &7}
ke AL ¢ 4 Utk Fig.7-de Azl o
el Bide BeS BodFa glon, f
=00l X Al&bstal AR ot =2 45E-3so|t}

¢

te o

i

7000
6000 2N
5000 o %0
L o N\
4000 - ° X\
e : N
- 0 g
3000
s [o]
o o
2000
N o Exp. [5]
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Fig.5 Vertical impact force on the wedge
section
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[ o Exp. [5], =0.0044
i a Exp. [5], =0.0158
8.0 o Exp. {5}, =0.0202
- o 100 x 140 CVs
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depth

Fig.6 Pressure coefficients on the wedge
at three time instants
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el FAEEE BoFEh oM &
go] 2Hgshs FAL 2Zeol(spray)dl °l%
W Yolke AE B 5 Ak

fud)

= -
//5 &t ? \\‘2
i / { i \ ‘T‘ // i ) \"
| B ~ | ' ! ;
N\
| ey
| 16 822081~ _//"/
13 631823 T
[ 10 440665 3. -~ /
E 7 24950.6 ¢ - P
i 4 5834.82 P 2

! e
imde-.-=6909.06 0

7-(a) t=4.5E-3s

—— Tl |
h — . ’/ .
© 16 810111 b : /
P13 s4s052 —
10 28799.4 s //4/
7 2693.59 _—

4 234122 T o
1 49518.1 | i

7-(b) t=0.01595s




42

| 16 195583 | v i

‘ i

T3 14s0ra i T ; // i

.10 -987.647 | Py P e
7 -16882.4 | | - /

N
L4 232777 T - :
1 -48671.8 :

7-(c) t=0.022s

7-(d) 2t=2.40E-3s

Fig.7 Calculated pressure distributions in
the fluid domain and the time
history of free surface deformations
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Fig 8 Vertical impact force on the flared
ship section

Fig.8€ 100%x140 Ao &9t At =50E-5s
o] ZAA flared-ship@do] #H&sh= A7t

GYg, BoE

wE FZHe] W3 A vimF otk A

718l Axtorsle g2 43 o9 & dA|st
E AL B £ 9l&d, ol flared-ship®H9]
Z( B)ol #71¥grc} JuRes ok 3z
7t Re Aoz Bo At Fig.9dM CpZ
Ao AEddet A4 dxske AL Fig.8d
g Ao olgd 4 Urh.

6.0
S Exp. 5], t=0.06s
5.0H a Exp. [5], =0.07s
' o Exp. [5], t=0.08s
[ 100 x 140 CVs o
4.0F
U 30
2.0F
1.0F
IR SRR NUS T S ST E N S VU SR R S SO
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depth

Fig.9 Pressure coefficients on the flared
ship section at three time instants

Fig.10& ¢ =0.024s, 0.059s, 0.074s°lA]
SEel siEhastel ¢ =00l Azsk, AlEZE
Z At =4E-3so] W& AFFHe] §EE Ho
Zt}. B3] Fig.10-bE AHEW, Bo] e
HES slolve A7kl d¥e] flaredA -?r*ﬂ«]
%7 (flare slamming)®] °‘°M~\: RNE E F
e olm Hu FAFH] gk A
& F ﬁl‘i‘r.

Fig.11€ S5 oA level-set & ¢(x, 1)
o] o] EXE HaFm ik oA FAl9 4]
Bl A wlrZt level-set@r7t AR /4
7171 el =QdE 2(6)el ol i3] A3t
Axol, A(6)Y osiM olFA AW W
| <e(=AAR FA)NMT ZANS FA7}
AAsA FAHT level-setTr7t A2l &
2 ujngdA FEEW v AL GAR dol

o

=2
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10-(d) &1=4.0E-3s

Fig.10 Calculated pressure distributions
in the fluid domain and the time
history of free surface deformat-
ions

Fig.11 Contours of level-set function
(t=0.064s)

Ol Al AlptAED}

Fig.12¥ 19834 Qreenhow & Ling 93
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Fig.12 Water exit visualizations of a
circular cylinder taken from
Ref.(17) (Exp. done by Greenhow
& Lin, 1983)
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Fig.13~Fig.14+ 22 934d07} A<
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Fig.13 Calculated pressure distributions
in the fluid domain and the time
history of free surface deformat-
ions for the water exit of circular
cylinder
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Fig.14 Vertical force on the circular
cylinder during water exit
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