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NUMERICAL SIMULATION OF OSCILLATORY CONVECTION

~ IN LOW PRANDTL NUMBER PRLUIDS

Hiroyuki QOhshima', Hisasi Ninokata?

Abstract

A multi-dimersional thermal-hydraulic analysis code AQUA (Advanced simulation
using Quadratic Upstream differencing Algorithm) was applied to the test cases
proposed in the 1988 s GAMM* henchmark problenms,

The calculated flow patterns differ greatly depending on the upper surface
boundary condition for the given Gr numbers: three-cell mode was distinctive
under the non~slip boundary condition and two—cell mode under the free-slip
condition, (Oscillatery behaviors were predicted for both boundary condition
cases but with different critical Gr numbers: 2f5~3;0><10‘.fofvthe non-slip
cases and 1, 0~1.5x10* for the free¥slilp cases, |

Thé cases of Pr=0. 15 exhibited slightly weaker secondary flow and slightly
higher critical Gr numbers for the flow oscillation to take place than the cases
of Pr=0), This was considered to be due to the fact that, as a result of the
larger Gr number in tﬁe cases of Pr=(, 15, the fluid density distribution in the
vertical direction was produced which had effects of stabilizing the fluid flow,

In the case of Pr=0 and non-slip upper surface boundary condition, a region
of hysteresis existed with respect to the direction of increasing or decreasing
Gr number, .

These analyses make us possible to explain the experimental results observed
by Hurle., And Gr threshold of oscillatory convection and its frequency obtaind
by calculations are agreed with the results deduced from the bhifurcation theory

by Winters,

*GAMM: Gesellshaft fuer Angewandt Mathematik und Mechanik

1 0-arai Engineering Center, Reactor Engineering Section

9 0-arai Engineering Center, Reactor Safety Section
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FAVIBHBEDEES) 77 s v 7 TRESNABFIFESEERET 5,

21 BEGRSLURREM |
Fig. 2 —1KARTEIBERFT+»EF 2 (FTRR27 M A=L/H=4) 2BFH
£&L75, EEBREERIOERF THENON-SLIPKE, EFIOWTENN-SLIPS X T
FREE-SLIPOB L ZRET b, ¥, BERASFHR, BEERZEREAT, 1. T—E
BE (T:.<T:) &L, LTOXKFERBRZWASEBERTCABLABETEET 3, —5, A
MOWEIFEEREE= -t YRET, HOhdERERET 3,

X
{NON- or FREE-SLIP) :
: it -
u
T = T| ’ T = Tz
— v g [
0 . y
' {NON-SLIP) L
FSRAFIE . Gr= gBrii/v? {(r =4AT/L)
MRALEE :© V= v/Veer (Vrar= v Gr° ®/H)
ﬁ&ﬁ(ﬂ%ﬁ . 6 = (T‘Tl)/Tref (TrefIAT/A)
ﬂﬁ{ki%ﬁ : = t/traf (tref=H2/u)

Fig, 2 — 1 Boundary Conditions and Definition of Nondimensional Numbers
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BFrr—2i@, 752%78% (6r) %, 77 bn (Pr) BB AT LEHRERRLH
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Pr=0, 01508 E0h v 7Y Y Fr A ZEF 5,

Table 2 —1 Calculational Cases

Pr={ ) Pr=1(, 015
LHEEER Gr¥ (X109 Gr#r (> 10%)
CASE A-1 2.0 CASE C-1 2.0
NON-SL]P 9 2.5 , 2 9.5
3 3.0 3 3.0
4 40 4 4.0
CASE B-] 1.0 CASE D-1 1.0
RREE-SLIP 2 1.5 9 L5
3 2.0 3 2.0

:n6®&—zmﬁbfmwfgitrmamﬁﬂﬁﬁuTmax0?&50
(EEBOBHE) |

- PRES

D uly) at x=1/2

2 v(x) at y=A/4  (NON-SLIPRHDKE)

@ v(y) it x=H (FREE-SLIPZ D b)

X . ©
e e e (3)

— Y

 LEREDHFTCORAES LV ZOME
CREER (28 R (P nax— P ain) 12)
(EERBROES)
- ROBEORRINIS S 7B X CABR
M Fuly) | nan at x=H/2
@ v | nax at y=4/4  (NON-SLIPS:f DBE)

@ | v(y) | max at x=H (FREE-SLIP&H O E)
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23 EERE
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ZRa N0,

| THMmBtE - QUICKE (2—2 v& LRBER)

QUICK-FRAMY: (= A ¥ —HER)
HEEMaE : BEICEE (EERER)
A7 % . Iocek
@ MEERSICERBE
Hiveta® 1.0 x 107" (Pa-s)
AEHEE  6.667 x 10° (W/mT)
37 oo+ 10 x 10° (JkeT)

AAD — FTR7YAR7ERLEHCTWR D, FELPROISINEBEED I K

B EILTER B,
1.0x10%+a + AT (ke/m')

CTREFald, BESNTVIGBIOERBREELLRY, a=—p . fN53
BELOERT S, $h, FBEERCDOVTRESFM4Am, BXFH1ImE L, £4
Wit MR TBEREERLELID, the€hdT, 0 CTHEHET .

FEA vy 2 BIBERIC, BXFTAKACHE S v vy 22732 (AE1600 1) ,
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Gr#r (X109 a (x10-%)
BREAKI~4ergEhso &
1.0 -1. 020
AmALIcn, 7, HEEHO
1.5 -1. 530
¥he W TRYEHE L, )
2.0 -2. 040 :
2.5 -2. 550
3.0 -3. 060
4.0 -4, 080

(3 TIME STEPHOHRE
CASE AX L UFBOH &R, A ¥ —HEX{TbAWkDE—~2 vy LHERLD,
CASE C, OB SIIEPIEWEI 23 nF —FERICE - TTIME STEPBEEIR XN 3,

NWTHOBED 7 -5 8 - BEEBREEEZZELARIANTERA SN S,

At < 1
W/ Ax+v/Ay+ 2 a/AxP4 2 /Ay

CASE A B : a=v (BIHEFRE
CASE C,D : a=«x (BEHLER)
FHBITFCERONBAREE B0 5Ofactor MK LTAtEROL S IEREL R,
CASE A,B: 0.25 (sec) CASE C,D: (.05 (sec)
(LIS BHITCASE COBA, At=0.1 (sec) CTHHREER LK. )
@ FHEFIE
FHEBENEEOBEALS, 24Dy — AL 20 TETRIIERCETIEH (EER
EFRENB) F1RAEZHED LCSIMPLESTE (E2RRE) 2B TRD 3,
RiZORELPHEL L THERALEZSHE (QUICK) +M-ICERKWO B TEHEE
BEL, JOBECHVRARD S, HREKRBEVHEL LTROGEIC DV TE
ERDTOL, BHRABOAABAICR, CORBNARALLSHAORENHE

ELTRDGIBEOBERD D,
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3.1 CASE A
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B (3ere—F) o WTROEBHIOLO THEHN, FOORECH~TY A ¥ OB
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REQKBHABH LU - TORY, THRBFLT 227 EREAOTORNT LR
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A—3 (Gr=3.0X10Y T, RELZAMNSRBENE SN TN, Fig 45,
A- R 1IAHAORBILCRESZ F LOBEHRAE, Fig. 4 — TRUD naub &
V(1) nan OB RINEAE RS, 7, Pig 4~ 8, 4— Qi REWECS 15 HE
7 ANOEBORTERT, EROAB—~320WB (BCWY 1 F) ORE-KE
SBESEIROEBEV S L EREBOVET OV DI 3, BORENEIE L&
LELTH B,

Fig. 4 —10RA— 4 (6r=40X10%) 20T DU nand TV (X) nan DR HE L%
AT CLTHRBENEGEONTNEY, RELTVWA3RBIIA-ITRONIEMYE
BERBERETY, |BHEISCREAESALOIEEENLRBEH &L - T
B, Fig. 4—11, 4 - 12K 2ANAOREBILCHRE~7 P vOERBRIE, F 1,
Fig. 4 —13, 4 - UKHUBEEHELIIIMET a7 » 1 L OEHORFETRT, <
2R3, 1ABREBCRANORDNENORED SASCREL, 2BMECREOH
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X IO MM BB T ot dt, CHIEDVTHRBET 5,

3.2 CASEC

CASE AZE#IC, C—1 (Gr=2.0%x10%) , C—2 (6r=2.5%X10%) ® 24— TE
HEHSBONA, HEE KRE~2 LR, PLCEEHEORET 27 > 4 1%
Fig. 4 — 1 ~Pig. 4 — 4 IZR¥. HWBICOWTHCASE AL~ TPrfio &L (K¥ —X
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TWd, REL, BESHAKEHOHENEELBOMSE AXD S, ELRBERNEL
85, ¥, COROERBELFig. 4 —15ICRT,

C-3 (6r=3.0X10%) KoNCHEBEERSHN, A3 ERELDZORBAR
e EBbItBAENELB TV EHIESHS (RIBEE260ROLEVHEEE LR
bhd), rHBREHOEBRTRENMNBET AL CAETRBAN, - D, 6r=3 1X
W OBFCREELERBBESBOATYV S,

C,—l4 (6r=4.0%x10%) 2T, Fig, 4 — 16T 0(Y) nan®B L TFV(X) nan OB EL%E
ﬁ?;::fméﬁbtmﬁﬁﬁ&mjrﬁb,A—4f%5ntﬁma&®£mmﬁ
o T, Fig. 4 —17, 4 - 1BHEFLITFHE~7 P OEHRAZEZ, Fig.
119, 4-NREERBECSYSRET R 7 > 4 VOEMORFERT. CASE CO
HHFUGRTHBCAE ACHNTHABOBINPEL, - TRESNSCLBL
WIERARALLNE, CHBERNCREESFAREEZOEELLVPr=0OH 1R
AR LBV, BREAHNTEZOFENEIREZESEBZ LI ENTR B, Fig.
4 AR IEESOBMELERT. BIrEKATH 2L REINAEL, Kk
STERBHAAZCELILUBOLYR, ZATHIREFLBTHORBLEDLETEY
LT 20hbhd, Fig. 4 — 22 L@RFE EDO 3R (X=0, H/2, B) KB 38
EEN, 3IUKBLRBTIRMEOEMERT. RHEHCIDETHARBCEY
LTwaZenbhd, BEEHE L TRERNERERKRCHILDEEESRL S 0
y PATOEMLOHBBHEBELHE, COLALERCENIBEERD (B1ES
B) ik, 2RRNOBNMNEHCL-TIIRISNEb0EELONE, TITOR
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B E LTEBLTO A, CARSEROME (ZBEREATY 34D 20 TEHE)
NEARBELHECTELAEDIEE S TVAEZEERLT VS,

3.3 CASE B

CASE A LC, LEEBEMRAMAFREE-SLIPKEARSDTHE, B—1 (Gr=
10X104) KOVCOBERRMNE LN, HEE, KE~7 + VB, & LEEENE
OWES O 7 7 A VECRENRIE 4— 1, Fig 4~ 2, Fig. 4 —23, Pig. 4 —24i07%
T T, B—2 (Gr=1.5X10% k20 Td, BRONKBEHE L -THI3300H
GHBHEEALEREEDOBOD, EEEESRE UTRRERT. CASE A, C
EHBLT, LEEEEREHOEIE » THRRRAS BT Bo ZNEREX
DICKE RN, Fh, FRIDBPOHCHELE S OAS TEARET ENH €
e —RENB, CRLOBRVTRSEBRIED THB,

B-3 (6r=2,0x10") Tl, ZELAEMHLRYENE SN TH 5, Fig 4 ~25,
4-26C 1B ORBE XCHES7 + v OEBREE, Fig. 4 — 2 u(y) ard &
BV (W) OB RFIRAERT, 7, Fig. 428, 4— 0K RBEHEL ST 5HKES
27, ALORBORFERT, CASE ALHRERLAN, PROEHOEH—2D0
BORE BE - EROEBE - 2R REBDEL TS (ROERE SR - T <

3) o

3.4 CASE D

CASE BEFH#IKD — 1 (6r=1.0%x10%) K2V TOAEEBILE Sz, KEN, K
H27 PR, BIXUVEEHEORE S v 7 » 1 22 ENFig 4 -1, PRig. 4 -2,
Fig. 4 —23, PFig. 4 —24iKRT, ¥/ D—-2 (br=1.5%x10%) i£2nTH, B—2 @K
BMOLERBERHLL T E®D, BELEERELUTRERRT ., HBICASE BEiE
CAERDLOT 2DODEAMEEBRLTVEY, PIHORBVICASRERRSAIN,
U, RARMEEOLBIKI VO THICASE BLOEDEL STV B,

D—3 (Gr=2.0X10*) &2 T, Fig. 4 — 30U (M nan® KTV (X) nanDHHEL%E
Rt CCTHHEEULALRBREBEOATV S, Fig. 4 -31, 4 - HRBEILOR
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Ex7 P AOEBHREE, Fig. 433 4-MCHBEENECSYARES T 40
OEHORFETRT. LEBRRENNN-SLIPCH 3 BA EFAM, PIROASND - 3
OEHRB-3IKERTHEIBOBENNEL, -oTEBOMAELLZ S EALS
b3, EL, BHEAERRRALTS 3, Fig. 4 — 3K RSEROBMELERT, &
BE (£) XOCASUBIEETEE03 70 -1y —VKADEYTEREROER
KEMaTBe Fig 4 —BRBLBEBEEDOIR (=0, B2 0 KHiF2EE
Bk, PLUHELBBT ARRROBART. FEHERRSEHNON-SLIPTS 3
CASE CEH BT 3, DLOBRENTROLNLY B BEL 05 ATRTS, T,
BERTBERIC2OTHLILD AL LT B,

Bk, 85y —REDER - FEHRORKRIK DV TTable 4 - 2 F L UFTable 4 — 3 iR
T CHODHRETEHEEROKIICNE, THHLE, HOMMICEDHORER
MmL, 52BEETCRBBEHLRET S, 20K, RARXENE L THNIT threshold
HPTEANE ST BIEEES MR, CAHBESHOBELORENRRIYEEESA
tb@,%E%ﬂk%w&aﬁnmfﬁbz&mnfﬁéﬁﬁﬁébm<<ﬂ&n

Fl, THOOEELNInters' ORLAHBRENRELALI IR R THEDOLEVE
a%@gwm&iﬁﬁﬁémﬁbﬁﬁéMMe4—4mﬁ?°¢9z$7&@$iﬁmm
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Table 4 — 1 Calculational Cases and Results

Gr Upper Wall Condition Pr=0.0 Pr=10.015
L0xi0t CASE A-1 | steady CASE £-1 steady
.5x 104 | CASE A-2| steady CASE €-2  steady

non-slip
L0x10° CASE A-3 oscillatory | CASE €-3 oscillatory
.0x10° CASE A-4 oscillatory CASE C-4 oscillatory
.0x 101 CASE B-1 slteady CASE D-1 stea_dy
Chx 104 free-slip CASE B-2 oscillatory CASE D-2 oscillatory
.0x 10t CASE B-3 osé:-i.llatory : CASE.D—3 oscillatory
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Table 4 — 2 Nendimensional Maximum Velocity and Frequency for Nom-siip Upper Wall (Case A and ()
CASE | | u(y) | maw location ratio [ vix) | max location ratio frequency
at x=1H/2 y/l at y=Ar/4 x/1
A-1 0..490 L. 57_5 1.00 0.663 0.175 1. 35 -
A2 0. 566 L5715 | 129 0. 670 0.175 | 153 -
A-3 0.493~90. 765 1. 375 1.23~1.91| 0.535~0. 849 0.175 1.34~2.12 17.9
A-4 0.380~0.950 1. 575 1.10~2.741 0.368~1.053 0.175 1.06~3. 04 21. 6%
c-1 0. 451 1. 575 0.92 0.673 0.125 1.37 -
c-2 0.532 1. 575 1,22 0.690 0. 125 1. 58 -
C-3 0.558~0.645 1. 575 1.39~1.61| 0. 556""0. 762 | 0.125 | 1.64~1.90 18.1
C-4 0. 443~0. 951 1,575 1.28~2.75) 0. '428'.":_'1. 029 0.125 1.24~2.97 21.6
B RATION, CASE A-1OEFRTLTD | u(y) [ mank 1. 02 LABOEMSEOERAHEDLTH 5.,

(BEE DRI A CASEE K R D MBI I T X 0 5)
CCORBHEFUEY A FOBORERSNRREBOR L ELANR—ETHY, Ro TEHEE

Rot, (RERRIRZZR)
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Table 4 — 3 No_ndimensiona] Maximum VYelocity and Frequency for Free-slip Upper Wall (Case B and D)

CASE [ u(y) | max lecatian ratio | v(¥) | nax location ratio frequency
at x=H/2 v/K at x=H y/H

B-1 1.083 0.175 1.00 . 1921 0. 900 ‘1. 81 -

B-2 1. 198~1. 220 0.175 1.38~1.41} 2.087~2.125 0.900 2.40~2.45 12. 8
B-3 1. 051~1. 451 0.175 1.40~1.93 | 1.652~2. 440 0. 900 2.20~3.24 15.9
D-1 1. 050 0.175 0.99 1..922 0. 900 1. 81 -

D-2 1.193~1. 209 0.175 1.37~1.41| 2.086~2.116 0.900 2.40~2. 44 12.9
D-3 1.101~1. 458 0.175 1.46~1.94 ) 1. 759.’?7 2. 432 0. 900 2.34~3.23 15.9

T : RATIOIZ, CASE B-1OFRILTD | u(y) | nax® . 0& LAMOZCASEOTRLHHEL OILTH S,

LTT-06 OT¥YGNS INd




Table 4 —4 Comparisen of Threshold and Frequency between the Bifurcation Theory Results

by Winters and Calculational ones by AQUA

WINTERS AQUA
CASE
Grase. Frequency Glrose. Frequency
Pr = 0, NON-SLIP 2.65x10° 16. 2 2.5~3.0x10* 17.9
Pr = 0, FREE-SLIP 1.37x 101 12. 4 1.5x 10" 12.8
Pr = 0,015, NON-SLIP 2.82x1p° 17. 4 2.5~3.0x10" 18.1
Pr = (.015, FREE-SLIP 1.48x 104 12. 8 1.5x104 12. 9

LTT-06 0T¥6NS ONd
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NUMERICAL SIMULATION QOF OSCILLATORY CONVECTION
IN LOW PRANDTL NUMBER FLUIDS USING AQUA CODE

H. Ohshima and H. Ninokata
Power Reactor and Nuclear Fuel Development Corporation
O-arai Engineering Center
O-arai, Ibaraki 311-13 Japan

1. INTRODUCTION

A multi-dimensional thermal-hydraulic analysis code AQUA
(Advanced simulation using Quadratic Upstream differencing
Algorithm) was applied to the test cases proposed in the benchmark
problems. The AQUA code is a general purpose code and designed
for the transient analysis of incompressible flow problems. A set
of conservation equations are differenced based on the porous body
approach and solved numerically with the use of velocity-pressure
relationship. The numerical scheme employed in the code has second
order accuracy in both time and space. The results of both
mandatory case A, B and recommended case C, D are presented.

2. BASIC EQUATICONS AND NUMERICAL SOLUTION PROCEDURE

- Mass, momentum and energy equaticons are written in
conservative form:

ﬁﬁ+-ﬁ—muﬁ =0 1)
ot dx;

ap duy
L(pui) + _a_(Puiuj) - — _a_(l'l_) + pgl {2}
dc axj ox; ij %y

h

Dpny + Bogpuym = T2 .o (3)
ot . x4 0%

Here pis the fluid density, u is the velocity, P is the

pressure, U is the fluid viscosity, g is the gravitational
acceleration, h is the enthalpy, Iy is the diffusion coefficient
of enthalpy, subscripts i, j are the space indices (i, 3j=1,2,3).
As seen in the momentum equation (2}, the Boussinesq
approximation is not employed. Instead fluid density is
included in the conservation equations and is a function of
temperature T:

p= Cy + C AT ()}
sy

-

Here, Cp and C; are constant coefficients
to be calculated in relation to Gr number.

2.2 Finite Difference Scheme

The finite difference egquations are
derived by the standard control volume
approach in which the eguations are “l FrI m—
integrated over micro-control volumes Fig.2.1 A Schematic of
centered around the grid nodes. A higher- -~ the QUICK Method

-
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order upwind differencing scheme QUICK([1l] is applied to the

convection terms of all the conservation equations in order to
suppress numerical diffusion. In this scheme, with the help
of figure 2.1, any scalar quantity evaluated on surface r of a

computational cell ,0.,1s given by the following function:
B = &g (Ppe bcr )
1

lxR_xc) (xC-xL) (xR"xL)

{XeXy, (XomXp) O~ Xp¥y, (Xg—Xp) dotRaXe (Xg—¥e) 91} {5

where
Xp=0.5AXR Xe=-0.50%Xe o Xp=— (AXc+0. 58XL)

Iin the energy conservation equation, the QUICK scheme is
coupled with FRAM{2] to reduce numerical wiggles. The diffusion
terms are discretized using the standard second-order central
difference scheme. With regard to the boundary treatment, the
diffusion term at a boundary cell is discretized as follows:

26 {9g—0g) (Axg+dxy) ¢B+Ax°¢,-(2Axu+Axl) d
- r¢ = -{r¢'0 1 + 1"¢‘° 1 } (8)
9% -;Axo (Bxg+Axy) (Axo-r;Axlj

where (g is evaluated at the boundary cell center and ¢g is the
prescribed poundary value. &As & result the second order
accuracy in space is also kept at the boundary.

In order to have second order accuracy in time, ¢is
evaluated by the following in transient calculations with the
help of figure 2.2:

t+AL

-1
¢=~—-I¢ﬁ,x yat
at °

t +
T+AC $(t.xed thde.
1 Ny
=—'I¢(t,x°+u(t—‘t))d‘t ¢
At ¢ *
£+ac $(t.xo—udg)
=—1—J (o(e, xp +u (-0 2% $(t-Hat xe)
Av g ox
2 X
2 2
wht e 88y e *e
2 ox Fig.2.2 Transient Variation
of & on x
1 0
= bt %yl — Liacde (7
2 gx

2.3 Solution Algorithm ‘

2 modified-ICE(3] technique is used to advance. the solution
in time. This algorithm is characterized as semi-implicit and
basically the same as that of SMAC[4]. The solution procedure
consists of: i) a pseudo-velocity is calculated from the
discretized momentum equations using 2 guessed pressure field;
ii) a Poisson-type pressure correction equation which is derived
from the mass conservation equation is solved and the velocity
field is updated by the new pressure field; iii) finally,
enthalpy is calculated from the discretized energy equation.
This procedure is repeated until a convergence is attained. The
convergence criterion is:

(mass residual/unit volume) < max (pu/Ax, pv/Ay,pu/iz) x 1.0x1077.
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For this criterion, a convergence per time step was attained by
1 ~ 15 iterations. The Poisson equation for pressure
correction is solved by using ICCG method[5].

3.CALCULATIONS

As a result of runs for mesh check, a uniform mesh spacing
was used throughout the calculation presented in the paper with
21 grid points in the vertical direction and 81 in the
horizontal direction.

In each case, a steady-state trial solution for the lowest
Gr number was calculated first using the first-order upwind
scheme instead of the QUICK and QUICK-FRAM schemes with the
initial condition corresponding to u=v=0 and T=y in order to
save CPU time. The trial solution was used as the initial
solution at t=0 with which transient calculation was carried out
using the QUICK and QUICK-FRAM schemes. Then the solution
cbtained at this Gr number was used as the initial condition for
the next higher Gr number case. Calculations were carried out
also from higher to lower Gr numbers to see hysteresis effects,

For the mandatory cases A and B (Pr=0), temperature field
calculations were by-passed. Constant non-dimensional time
steps of 2.5x1079 and 5.0x107¢ were used throughout the
calculations for the mandatory cases of Pr=0 and the recommended
cases of Pr=0.015, respectively.

4 .NUMERIAL RESULTS

Tables 4.1 and 4.2 give the results of calculations in the
cases of non—-slip and free-slip boundary conditions. These
calculations were carried out on FACOM M380 (scalar machine)
with double precision. Typical CPU time was 0.3 sec/iteration.

CASE A

A steady-state solution was obtained in the cases of
Gr=2.0x10% and 2.5x10%, 1In figures 4.1 and 4.2 are shown
contour plots of streamlines and velocity profiles of u{y) at
x=H/2 and v{x) at y=A/4 for each case. Typically three cells
appeared in the cavity and the flow in each cell rotated
counter—-clockwise. The vorticities in both end cells were
weaker than those of the center cell. Flow pattern was not
completely symmetric. This was considered to be due to the fact
that the Boussinesqg approximation was not applied to the '
calculations. 1In the case of Gr=3.0x104, the solution exhibited
a stable and periodic oscillation. Contour plots of streamlines
per one cycle and transient courses of U(V)pay and v(xX)p,, are
shown in figures 4.3 and 4.4. The strength of the circulation
in each cell varied periodically in phase. The end cells
repeated to separate from and merge into the center cell
periodically. In the case of Gr=4.0x10%, a quasi-periodic
oscillatory mode was obtained. Transient courses of u(y)p,x and
V(X)pax and stream lines are shown in figures 4.5 and 4.6. 1In

one period the right end cell showed stronger rotation than the
left end cell. 1In next period, the rotation of the left end
cell was stronger than the right one as shown in the figure 4.6.
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These cell behavicrs explain the reason why the amplitude of
oscillation changed alternately in the figure 4.5. As the Gr
number was increased further, difference of the strength between
right cell and left one became larger and the center cell
started to move right and left periocdically. Finally the flow
pattern shifted from the three-cell quasi-oscillatory mode to
the two-cell steady mode in the case of Gr=7.0x10%. As the Gr
value decreased from 7.0x10%, on the contrary, this steady two-
cell mode was kept until Gr=4.0x10% and shifted again to the
three—cell stable-oscillatory mode at Gr=3.0x104%. These results
indicate that a region of hysteresis exists with respect to the
direction of increasing or decreasing Gr. In figure 4.1 are
shown contour plots of streamlines in the case of two-cell
steady mode (Gr=4.0x10%) where Gr was decreased from 7.0x10%.
Transient courses of u(Y)pax in the cases of Gr=7.0x10% and

3.0x104 are shown in figures 4.7 and 4.8. Note that a two-cell
steady mode was also obtained in the case of Gr=4.0x10% when the
calculation started from the initial condition corresponding to
u=v=0,

CASE C

Steady—-state solutions were almost the same as those of the
case A. The strength of cellar flow, however, was slightly
weaker than that of case A in which no buoyancy effect existed
in the vertical direction. With regard to the case of Gr=
3.0x104, an amplitude of the oscillation was decreasing
gradually. It was not clear whether steady state was obtained
because of CPU time limit. However the solution for Gr=3.1x10%
exhibited a stable oscillation. In the case of Gr=4,0x10%, a
stable oscillatory mode (constant amplitude) was obtained. &
dependency of solutions on initial conditions did not appeared
in the region of Gr considered. Transient courses of
temperatures at three locations (x=0, H/2 and H ; at y=A/2) and
heat flux through the surface at y=A/2 are shown in figure 4.9
for the case of Gr=4.0x10%. Oscillations caused by unsteady
velocity field were observed in both of figures.

B and D

Results of case D were much the same as those of case B,
except that the strength of the cellar flow was slightly weaker.
Therefore only results of the case D is presented here. For Gr=
1.0x10%, a steady-state solution was obtained. Contour plots of
streamlines and velocity profiles of u(y) at x=H/2 and v{y) at
x=H (strictly 0.975H) are shown in figures 4.1 and 4.10. The
calculated flow patterns were very different from those of case
A (or €} due to free-slip boundary condition on the upper wall.
It showed an asymmetric two—-cell pattern. One cell was located
near the cold side wall and always rotated counter-clockwise
strongly. The other cell was smaller and located between the
center of the cavity and the hot side wall. 1In the case of
Gr=1.5x104, the solution exhibited a dumping oscillation whose
amplitude decreased gradually and, in the case of Gr=2.0x10%, a
stable oscillation mode were obtained. Stream lines during a
period about the case of Gr=2.0x10% are shown in figure 4.11.
In figure 4.12, transient courses of temperatures at three
locations (x=0, H/2 and H ; at y=A/2) and heat flux through the
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surface at y=A/2 are shown for the case of Gr=2.0x104.

5. CONCLUDING REMARKS

We carried out the calculations for cases A, B, C and D
using the AQUA code with second order accuracy and observed the
following.

The calculated flow patterns differ greatly depending on
the upper surface boundary condition for the given Gr numbers:
three-cell mode was distinctive under the non-slip boundary
condition and two-cell mode under the free-slip condition.
Oscillatory behaviors were predicted for both boundary condition
cases but with different critical Gr numbers: 2,5~3.0x10% for
the non-slip cases and 1.0~1.5x104 for the free-slip cases.

The recommended cases (C and D) exhibited slightly weaker
secondary flow and slightly higher critical Gr numbers for the
flow oscillation to take place than the mandatory cases (A and
B). This was considered to be due to the fact that, as a result
of the larger Gr number in the cases C and D, the fluid density
distribution in the vertical direction was produced which had
effects of stabilizing the fluid flow.
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Table 4.1 Maximim Velocity and Fregquency
for Non-slip Upper Wall

CASE Gr Max |u(y)] y/H | Max Jv(x)| =x/H Fre-
on x=H/2 on y=A/4 quency
a 2.0x104] 0.490 1.575 | 0.663 0.175
Pr=0 2.5x10%| 0.566 0.670
3.0x10%]| 0.493-0.765 0.535-0.849 17.9
4.0x10%| 0.380-0.950 v 0.368-1.053 21.6
0.824 1.175 | 1.165 f
c 2.0x104] 0.452 1.575 | 0.672 0.125
pPr=0,015| 2.5x104[ 0.534 0.688
3.0x104| 0.558-0.645 0.656-0.762 18.1
4.0x104] 0.443-0.951 ¥ 0.428-1.029 21.6

— 65—



PNC SNG410 90-117

Non~dimenoional  Yaloety

Non-dimsnpiondl Yelosity

Table 4,2 Maximam Velocity and Frequency for Free-slip Upper Wall
CASE Gr Max | u(y) | v/l Max | v{x) | x/H Frequency
on x=H/2 _on x=H
B 1.0x10* 1. 063 0.175 1. 921 0. 900
Pr=( 1.5x10* 1.198—1. 220 2.087—2,125 12. 8
2.0x10* 1.051—1. 451 ‘ 1,652—2, 440 , 15. 9
D 1.0x10* 1. 050 1,817
Pr=0), 015 | 1.5x10* 1.193—1, 209 2.086—2. 116 12. 8
2.0x10* 1,101—1, 458 1. 759—2. 432 15.9
= > @\‘\—“‘;“\j\
C: 1LY = -
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CASE A Gr=2.0x104

CASE D Gr=1.0x10%

CASE A Gr=2.5x104

CASE A Gr=4.0x104

Fig,4,1 Stream Lines for Steady Solutions
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Umax (at x=H/2) : Umax (at x=H/2)
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Temperature (at y=A/2)
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