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L, % p, 13 1.00 [kg/m>], KiPEEREL 1y 13 2.00 x 1075
[Pas] & L7z,
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AT T T TN

B-7 2 XILY L7V A 7 MEO GRS

AEMEFERTIX, Tl D X ) TR DRERE 10y %
w o= 8.50 x 1074, 1.00 x 1072, 1.00 x 10~*, 1.00,
1.00 x 10%, 1.00 x 10% [Pa-s] £ EZ CalEZ{To72, ML
Tk, ZNsZIEIC Casel, 2, 3, 4, 5, 6 9 5,
B o 13ETDT —AITEWT 1.00x 103 [kg/m?] & L
7o, 8, F—A 1 OFREEME, KL £ Martin
& Moyce'? 23K W TIT> 7 ¥ L7 L A4 7 DFERRSE
R —T3%, 61, TIN5 67 —AIZDO0VT, &
IVESFCCORMELREL 11y, %30 (22) T L 72 & 9 2 d5#0
Y CEME T 284 AN CRME T 2 A 0 A
127 —RIZDOWTCEHEZTo %, DUTTIE, R-1Dk
DT pp Z AR TR T 2856 % Case 1-a 25 6-a,
MY CRME T 2854 7% Case 1-b 205 6-b L 50T
5. E, BVBERTORE up, vy & NVEFTOE
B py 220 THE, R (21), (25) TR L7 & 9 ITkERR
B k 2 EAN E Y EHMEE 2 WCEIRT 5.

R-1 2005 b7V A 7 MEOFHE T — A

H w [Pa-s] ‘ py DNFRFE ‘
Case 1-a 8.50 x 1074 EEIR )
Case 1-b 8.50 x 1074 GEIR S
Case 2-a 1.00 x 1072 GRS 2]
Case 2-b 1.00 x 1072 GENIR S
Case 3-a 1.00 x 107! LIRS
Case 3-b 1.00 x 107¢ VIR G2
Case 4-a 1.00 FREY
Case 4-b 1.00 HHAE-Y
Case 5-a 1.00 x 10" FRE-Y
Case 5-b 1.00 x 10! GENIRR ]
Case 6-a 1.00 x 102 BRG]
Case 6-b 1.00 x 102 GENIR ]

IR OVEUE 101 x 101 & L7z, FHREREREIZI A6 At
1387 — 2 TREERECE iy DEFETIEIEC THRZ% 5
iz 7228, Bl oW TR 2, s HEEM
DEFFERHENGHEICE T 2 2T RO DR LEE %
OpenMP'™ TWi%Zi{fk LT, AL vy F¥MiFl#iE 16 & L,
WHRFDA—R—a v B2 —% > AT L (Cray CS400
2820XT, Intel Xeon Broadwell 2.1GHz 18 x2/node) % H
WCERHRZ T 72,

(2) RiEO7OY MIBEOLER

Case 1-a (u; = 8.50 x 10~* [Pa-s]) & Case 5-a (y; =
10.0 [Pa-s]) (26 1T 2 KT D IR Z L O+ %2 E-8
ER9 I C (RHOHEHRIEG) Daryy—KEL TR
T B8 LRI ICEWVT, HE L MROHEIEI WA %
Y. F e, FERIGRRITH D, ¢ =1/2g/L &
EFRIND, B-8 LRI DO, wy WREVIZEWEK?
vy OBEEEINENC L5,

1.0
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0.0

(a)t* =2.32

—

(b) t* = 3.48

-8 Case 1-a 2B 2 WA O REZ (L

O
0.4
0.2
0.0

(@t =232 (b)t* =3.48

B9 Case 5-a IZ 81} 2 ARG DR 2L

RIZ, B-10 2RI N5 LHIS, Wik7ay o o PE
Ee ZEL, 87 —RAIIBT B Z OB g L
7o, kB, AWIZETIE C = 0.5 2K & EEL 7.
B®-11 |C Case 1-a, FEBRAERIDY) BEEOFHRKES10
DHEE %, B-12 1 Case 1-a, 1-b & Case 5-a, 5-b DM
B2RY, B-11 205005 L9512, AFETHENL
BRI DR 7 v v PEIEFEEBRRER L X 3L T
W5, Ei, B-1206, REFESICE W TE p, DFF
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FLFEDWAR 7 v v MIBEORHZLIC G 2 2 L
TN ERFD D, BB, LlITbilRE LI I,
Witk 7 a v~ OBEREE ISRPEREDSK E W Case 5-a,
5-b D HREEARELD/NZ W Case 1-3, 1-b & D HIEW
fR L oz, pp DEMBEFEZHNT, up, vy DiE
BREZENECE Z 72856 H iR RICHEE 2
AEFRsNRD ok,

4L

S LLLLLLLLLLLL L L L L

gas
4L

liquid

ASSSSSS SN SNSNNNNNNNN NN NN SNSNSNN

)

Bl-10 7o FMiEDES

(3) HMMFRBONEFELVHERMICSEZZITE

B — 2B TLEICFHHEATEE 2 At DKMl
Atmax ZHER L, 50 N7 & S DR MRS D b
Ty & Almax DEMRZR-13 1R, 72720, 1y = /1y
LERIND, B-1312BWVT, BT g 2 FEAEY
THIHE T 254 (Case 1-a 25 6-a), HHRIE pp ZHM
TR T 2 854 (Case 1-b 205 6-b) DFERTH 5.
7B, FHRIRRED 7 0 Y MLED 2 = 3.8L ICEET
3 ETiTo Tz,

B-13 525, r, B b/NI W 42,5 D56 (Case 1-a,
1-b) TlE, pp DRIRETFIEDBODY Aty 05 2 5555
NSRS, r, BREL B DITON, w, ZHAIFIGT
AHET 2 28T, 2P THET 25650 D
REL At ZRELCGGHRERZITA5 2 L0390 5. A
RIIZIE, r, DD KZ W 5.0 x 108 D6 (Case 6-a,
6-b) TUE, pp ZFRITHICIET 2 2 T, pp ZHIN
PHTHET 255 K0 b 100 5K E % At 2 ET
&5, £, o ZHANEETEET 2856 S HNES
THET 28545 L TRHERR 2 Fui L 72 f5 R 2 ®-14 12
RY, B-141I2BWT, r 3R X 2RI E 2
AR & 2 ERECRL AETH 5. 7k, &
T=AIZBWT, t* =232 £ CTORMEIRHEZFHIIL 72,
B-14 XD, r, =5.0 x 10* LI (Case 4 DAKE) TIE, wp
ZHRAPFECEHET 3 2 LT, HNMFYCEHET 25
A &0 bEERHZ R TETE D, Zofmixr, 23
RELBZEEXIVHEE L o7, &8, p DRIETF

—Casel-a

4.5 | ® Exp. (Koshizuka et al.)

A Exp. (Martin & Moyce, 1.125inch)
4.0 B Exp. (Martin & Moyce, 2.250inch)

= =Cal. (Hirt & Nichols)
=—Cal. (Koshizuka) /

ZIL

00 05 1.0 15 20 25 3.0
t*

B®-11 Case 1-a & AR 1910 oy 7 o o |7 fE D

Z/IL

00 05 1.0 15 20 25 30

BJ-12 Case l-a & Case 5-a, 5-b D7 1 v ALED LK

W PR, up, vy DEFEFIEZ NS ICEZ 7
Biaicld, Atpmax PaFFERHEICEGIZ R d o 72,

DI, pp DFFETED Atyax PEFERFRIC 13T
D& ) R G2 MAZEET 5. B-13 0600
5 X902, r, 3B BT T ry, ODRINTHED Atpax
WM 203, r, 3D LMHEEZHEA D & Atpax 1E 7, D
BINCRE IR 3, 2, LIS EHRIATEE 2 R
RNAWEDS T — F VR IHE D £B & THIR ST
PTG L TWS, 2RI D 7 — 7 VB C, LHAEK
B D, ZUTDX I ITERT 5.

_ lurg| | |vrs]
Cn= At( A + Ay (26)
1 1
Dn = I/C’[JAt TJQ + @ (27)

2T, veps & 1T BHDFE L VICE T 2 BREER
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107
10°
@ 10"
2
‘{l‘ 10°
. -*-harmonic
10°} . .
—-+-arithmetic
107 - ‘
10" 10> 10° 10* 10° 10° 10’
Vi
B-13 1, & Atax ORI
10
2 10'}
10° T ® 2*3 M 5 6 7
100 10> 10° 10* 10° 10° 10

X-14 r, & r, DBER

BTHY, UTDX)IELT 5.

1
Ve, g = pTJmaX{ME’ pw s N, sy gy (28)

7E, HEERND C, £ D, DRKAEE Cphy B XN

Dy ERT

B-12 5265025 X 9\, Wik7a v b OBEREE L
ry DEINCAEVCELS %25, L3> T, EELD Oy, I
£ 2T Alyax DR E 256, 1, D3I AUSHE D %
KAEIZHED IR AR O TR SR S 4, Atpax 13
imﬂuﬁ“é —Ji T, 1, DD BEEEZ T Atpax 25 Dy,

& o THIRS N2 %5E, r, B8NS UE D, K
E %570, ZIUIHL T Atax 1FNS RS, Z
DX I Atpax D D IC &> THIBE N2 X9 127k
5L, wp ZHIPEECEIRET 288D Atpax FFAE

BTHRETAHADZNEHRTNI &3,

EFED XD 72y DEMETFIRICE D Atpax DEVLHE
C2HMEEET L0, B-1SICRT LIS, [JF
HoitE V& 2T 25D 5, T-1J
FHOFH VOB TR I, Zhbsbaze
K[CHMi7INTOLIREEZEZ 5. KIRHO Y1
Case 6 D& (pg = 2.00x10™ 5 [Pa-s], w; = 100 [Pa-s],
pg = 1.00 [kg/m®], p; = 1.00 x 10° [kg/m3]) & F %
&, uw & oprg & pr—rg DI THET 28561
1 pw = 4.00 x 1075 [Pa-s], FHIIFFECEHET 25412
& pw = 50.0 [Pas] £ 0, pun, pg, pslFOTND py
L%, O, 1JHFEHDORIHRER VHLICE T 2HEIE
pr;=pg THBT®, LD X)L TGGHREI N

ZHWTR (28) TERIND v g ZAHT 2L, %
ﬁ*ﬂ?ﬁfﬁﬁ?%iﬂ\ vy = 4.00x107° [m?/s],
M CEHE T 2 8541213 very = 50.0 [m%/s] &
%%, kB, ZMHB X Uﬁﬁ@%ﬂifﬁlﬁmﬁi Izhzh
vy = 2.00 x 1075 [m?/s], v, = 0.10 [m?/s] TH 5. A
RD X I > py 22 pr > p, R DBEMETIE
o 2RI TRET 2 & FEHD X )12 v DYy, Ry
LD BIEFICKRERBELWND GG DH 5. Z0EK
£, wy ZHIPEECHE T 2856 Tl wy 2 3RE

YR T 25EICHERTNE W AL ZFRET 2051 )3
U EHREINS,
liquid gas
Hy
pIJ lujj
1J He
M
E-15 I — 1J ZBHDOHE L L O ADHEIE T I N TV 5

&
IRHE
R

4. EHMEORBEZETIBNFTIHESESME

(1) S84

ARSI R-16 1278 & 9 12 2 RITLDIETT T &
L, fitoRSZ H, MORSZW £95%, LiEok)
AR O LI d OWASIRZZRE L, mkik
DR % — TV V;,, TIE PR EITRAZIE %, Ll
DI L, WAL Ip/dy = pg B LV du/dy = 0,
v=—Vi, EVIFAEZFEL, MATELIHZIZp=0
BLUYOu/dy =0, dv/dy = 0 DEABSGHEZEEL,
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M LASHZIE no-slip BEMISEAE 2 308 L 72, KUk DY
13252 KE L, B p, 1 1.00 [kg/m?], KitkiRE
g 1% 2.00 x 1075 [Pas] & L7z,

oploy=pg 4 =0
----- == | ouldy =0
V., nlet ov/dy =0
H liqui/d g
yp e
X
W

B-16 kil Dk 2 B A~ FUE S 2 2 FEO R R

ABUEIFEER I, BEEDED I b8 7RIk O Rk
7% g 23y = 1.0, 5.0, 10.0 [Pa-s] DEMFT T, WA
& d % 2.00 x 1072 [m] 25 6.25 x 1073 [m], A
MV, % 0.24 [m/s] 2> 5 2.50 [m/s] DEIFHTE(L Z T
B —ADFEE{To 72, 0B, WEROEE p 134
TDr —AIZEWT1.00 x 10° [kg/m?3] & L%, F7,
LA IVAE Re ZAT DX ) ITERT 5.

Re = -n% — 2 (29)

ARGHESEMICE T 5 Re DHEIPHIZ, 0.15 < Re < 25T
b5,

FHER LV EIZ R TD 7 — ZITEB VT 200 x 200 & L
7o, £, HERABICOWTIE, AR BLERT
a2 47V, BREFET 2 DI 200 x 200 THITH
5 EMER L, B, HEEMFAHIDHMEI N TY
22 LB L 72, FHERFRIZI AN At I2OWTE, &
= ATREIHTETE 2 RKMEEZRE L 72, HED
HeEME O ERENEEIC BT 2 MDY KL
#i{H % OpenMP!» TUFMLL T, AL v FiiFl%i% 16
F721336 &L, HERFEDA—IN—a v Ea—F T A
7 A (Cray CS400 2820XT, Intel Xeon Broadwell 2.1GHz
18x2/node) % AW CEEZfTH- 7.

(2) BEERAR & DLLE

Afficix, @2, 22), 25 TrRLELI T, Bk
T2 NVPLDMEDP Sy, 2BV, py, 2 A,
uy, vy ZRIERBOEAN S TZNZNEIR L
La o2 R Y, Tome 5V 1%, wEkiltkOWA % HHIE
BAHCFIHT BB, H/d % Re \[ZJE U TRAEDEAE
a0 STIEAT B & 2R EHR O T TR L T
£ 1, steady filling, spreading, splashing, buckling %%

Eo4amEHOTING Z 0B L Twab, RIFETYH,
Tome 5V 237 H/d B8 X Re ZEET 5 LT,
R DR AE 2 D T5 DZAIT D W T AR O m 2 iR
L7, &|213, AL iy BXWY H/d, Re
EREDEAERL D HORFRELRT. £/, 218
L 72 &5 BT 23R R ZR-17 22 5820 12 C D
aVI—KELTRY. B8, y DREIWIGL TR
Kotz Ez T3, 7, UBTEETH & WX
5535 500x1072 [m] THB, 51T, ¢ IFMERIG
BRI TH D, t =1V, /d L ERIND.

F-2 uy BLXW H/d, Re LIADOMARELD KOG

| | putPasi | H/d | Re |

steady filling 5.0 12.5 | 0.80
spreading 1.0 10.0 | 2.50
splashing 1.0 10.0 | 25.00
buckling 10.0 16.6 | 0.15

m 1.0

0.8

0.6

Q

0.4

0.2

0.0
@t =75 (b)t =18.75
(c)t =33.7 @t =56.1

B-17 steady filling DFHEHTR (1 = 5.0 [Pass], H/d = 12.5,
Re = 0.80)

B-17 @ steady filling TI3Z a1 BRI 7 < WA DA
INB7:0, L CHEZIT) LTHANZRS L v
Z%. ¥72, B-18 O spreading TlF, FoH X N7k
K D MMAS steady filling IR TR EL RoTWw1 3,
I 51T, E-19 @ splashing TlF, Re P KEL KB T L
T, WARDSIEA DEERICHEZE L 748 1B > TiEv» b
D K9 BEEDMER I 1Lz, steady filling, spreading,
splashing Tl&, ERGIED IR DI Er NA~FEA RFRIC A
I T Dz L, B-20 @ buckling Tl&, JA
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1.0

0.8
0.6
Q

0.4

0.2

0.0
(@t =6.0 bt =105
(©t =16.5 (@t =30.0

B-18 spreading DFFHAEE (i = 1.0 [Pas], H/d = 10.0,
Re = 2.50)

1.0

0.8

0.6

Q

0.4

0.2

—0.0
(@t =9.0 (bt =15.0

l m

()t =195 @t =345

B-19 splashing DFFEAER (1, = 1.0 [Pas], H/d = 10.0,
Re = 25.00)

D OIA L 7RI A TR E RN 23 6 KA
WA EZ > TR TR TE 5.

Cruickshank 5718 1%, Jii A U 72 AR DI BE (2 B2 fi
LWk ) o)A c9E L, buckling 23784 F
%\ClE, H/d > 105 Re < 0.56 & \» 9 ZfF303C
HoHrLEHEL TS, 22T, H/dB LW Re 224
W HEMTEHEZITO, buckling FEAEDHEE
E DR EZR-21 12T, E-21 128 \>T, Buckling

1.0

0.8
0.6
O

0.4

0.2

0.0
(@)t =125 bt =325
(©)t =50.0 @t =650
(e)t =875 Mt =115.0

B-20 buckling DFHEFER (u = 10.0 [Pa-s], H/d = 16.6,
Re = 0.15)

points (315 C buckling 236k L 72354, Non-buckling
points |% buckling 3% L o GG %2 KT, F74,
B-21 @ Exp.(Cruikshank), Cal.(Tome) (& % #1121
FZEI1919) o FEBFHE T & 72 1% 2 RITDOFHHEAS RIS IS
WTHEH L 7 buckling 237642 § 2 B0 D BB TR %
#7. ®-21725, buckling PFET 28D H/d B &
X Re 122\ T, Tome 59 12 Xk 23R & MO MEW A
AMETHLHONTWEZ EBTD 5,

(3) TBIRRICHETZDEE EREDOTHEFEHHEE
RIC5EZ3RE

HifiCl, BEES 22 L RLOED &y, & TR,
pp ZHNPEY, w,, vy ZRAERBOEAN Z VY TZ
NZNGHR LG EOMBEE R L 72, Kficik, FHEE
DI E p, BE K wy, vy DEMEFIEEZE 2 TT
Vv, ZNENDEIRERICEG Z 2R ERT 5.

®-2212, p, 23 (25) THEH L % X 9 RENPHECEE
RL 7256 EAPFE TR L 7256 0RR 2 R . &
B, REFRIZEBWT 4y 1% 10.0 [Pass], Re & 0.15, H/d
1% 16.6 TH b, buckling SFAET 2542 RE L 7.
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1.0

® Buckling
A Non-buckling
08 A —Exp. (Cruikshank)
- —Cal. (Tome)
0.6 | A
R B e
— 7 A [
= A- A e H
0.4 N
/ [ ] [ ] [ ] [
0.2 /| @
A | ® o ® [ ]
I
0.0

8.0 120 16.0 20.0 24.0 28.0

H/d
B-21 H/d ¥ X O Re & buckling 5k D4

B-22 k0, pp ([CHIEE 2 HIV 728541213 buckling
DFEEL TWw 205, HNPFE 2w G eI i3mAd
P OFA L RIED RN H 2 FE LA RS D
D, WARNWIEI NS o T0E, HIRLDS
FAEANFRICTRIE X 7z,

(a) pp Z MNP THER L 72856

e

(b) pp 2 FARF-EI TN L 723565

E-22 ¢ = 115.0 KB 2 3HEHEE (u = 10.0 [Pas],
H/d=16.6, Re=0.15)

®-23 12, wp, v, 23 (21) THEH L 7 X ) kiR
HOEAN E VP THME L 786 SIS CREE L
THAOfRZ R, bk, AFHREICE VLT 4y 13 10.0
[Pas], Relx0.15, H/d 1380 TH DY, steady filling 23
AT EMZHRE L 72, B-23 L0, w, v, 2R
REDEAS ST THE L 725G IR &,
®-17 & [FBRD steady filling 23FE4E L 7223, wp, v, ZHH
I CRERE L 72858 I3 A L 7RI D H 2 Rl %2

Bcauicirauthiasy, AHRAR E ko7, PLL, FiE
EARHITR S AR S, FkiE= 2 — F ViR D
MNZERT DEE, o ([SHRIEE,  pp (SHTIIPEY, wy,
oy ICKHERBOEAN S P2 Z N Z5 2 LD
A2 ERE L 7z,

(@) up, vp ZKNERB D E AL S VH TR L 72556

(b) up, vy AN THSR L 2854

B-23 ¢ = 7.7 2B BN (u =10.0 [Pas], H/d=
8.0, Re =0.15)

5. &8

AW 1L, kM= 2 — b VRO RS 2 5
BT 570 OARAEREICOWTRET L 72, B AR
R I D TR R & AL L BRI BN B
VBRI B B REERRE, B, R O S Ak I
OWTHRE L7, ML -Fkz@EALT, F47L
A 7 [ & SRR R 2 A S~ FE X & 5 ME D
BAERI R A2 1T > ¢, BEHE OGRS R0 S Bafs B & Hhig
L7z, BonfEmE NodEh ©bh 3,

o EH DEIRTAT A Z WNRIZ, 1y %Y
pp ZREINEYE, wy, % KRR D HANM & C5F
BHI 22 EWPFYTHD LRSI,

o ERNENRIAE VBB, 2 TIEE S,
PR TRET 2 &, XD RE & At ZRETHE
T, KIEICEHRZEHLTE 5 2 & 2R L 7-.

o ERIMEDWMK 2 VAR~ I ¢ 5 M2 §HHE
L, EDOL A )V ZAESCTRAR, REEOE I
WD AR D I Z 2B oW, )
BN FEZAAT 2 2 L CIFEOEBRE R £ 72
FEMERE R A T E .
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COMPUTATIONS OF CONTAINER FILLING WITH HIGHLY VISCOUS
NEWTONIAN FLUIDS BASED ON FINITE VOLUME METHOD

Atomu KUKI, Daisuke TORIU and Satoru USHIJIMA

Computations of the two dimensional rectangular container filling are conducted by injecting the highly
viscous Newtonian fluids, vertically downward through an aperture on the top boundary. In order to simul-
taneously calculate the low-viscosity gas surrounding the highly viscous liquid, phase-averaged governing
equations are used for two immiscible incompressible fluids with different densities and viscosities. The
governing equations are discretized with the finite volume method in the collocated grid system. In par-
ticular, the estimation methods of viscosity, density and velocities on computational cell boundaries in the
discretized governing equations are investigated and their effectiveness was confirmed through the applica-
tion to the dam-break flows. As a result of the computations of the container filling with the highly viscous
liquid, it was confirmed that the proposed method enables us to reasonably predict flow patterns of the
highly viscous liquid, such as steady filling, spreading, splashing and buckling, which arise in the specific
relationships between Reynolds number and the ratio H/d, where H is the height of the container and d is

the inlet width, as reported in the preceding studies.
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