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Table 1. Parameters of three dimensional simulation and Nusselt number.

Pr Ra r Nz X Ny x N, Nu Ref.

0.7 2 x 1010 1/2 513 x 129 x 513 171.79 Stevens et al. [®]
0.7 2 % 10 10 1/2 385 x 257 x 1025 173.13 Stevens et al. (]
0.7 2 x 101 1/2 769 x 257 x 1025 373.64 Stevens et al. [®]
0.7 2 x 101! 1/2 1081 x 351 x 1301 352.67 Stevens et al. (]
4.3 3 x 109 1/4 770 x 220 X 770 89.20 Kaczorowski et al. %]
4.3 1 x 10 1/4 1142 x 326 x 1142 130.90 Kaczorowski et al. V]
4.3 1x 107 1/4 512 x 64 x 576 16.30 Current work
4.3 2 x 107 1/4 512 X 64 x 576 20.05 Current work
4.3 5 x 107 1/4 512 x 64 x 576 26.14 Current work
4.3 1 x 108 1/4 512 X 64 x 576 31.86 Current work
4.3 5 x 108 1/4 512 x 64 x 576 50.78 Current work
4.3 1 x 10° 1/4 512 x 64 x 576 63.64 Current work
4.3 5 x 109 1/4 1024 x 128 x 1152 104.67 Current work
4.3 1 x 1010 1/4 1024 x 128 x 1152 130.16 Current work
4.3 2 x 1010 1/4 1024 x 128 x 1152 166.64 Current work
4.3 5 x 1010 1/4 1024 x 128 x 1152 236.80 Current work
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Fig. 1. (color online) Nu as a function of Ra.
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Fig. 2. The streamlines of 2D cavity and spanwise averaged 3D narrow square cavity. Streamlines of 2D (top panel)
and spanwise averaged 3D (bottom panel) for Ra = 10° (left), Ra = 10'° (middle) and Ra = 5 x 100 (right).
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Fig. 3. (color online) Mean streamlines and the vortex-pair near plate in the narrow square cavity for

Ra = 10°: (a) Streamline; (b) the vortex-pair.
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(a), (), (e) two dimensional simulations; (b), (d), (f) three dimensional simulations.
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Fig. 5. (color online) Thermal boundary layer pro-
files and thermal boundary layer thicknesses for two
dimensions (red dots) and three dimensions (blue tri-
angles). The tilted dashed lines are linear fits to the
linear parts of the temperature z-profiles near the bot-
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Table 2. Scaling of the thermal boundary layer thickness with Ra.

Group Range of Ra Pr r Ao Bo

Current work(2D) 107—5 x 1010 4.3 4.860 —0.30

Current work 107—5 x 100 4.3 1/4 4.716 —0.31
Zhou et al. [14] 2 % 1010—7 x 1011 4.3 0.26 6.85 4 0.70 —0.33+0.03
Sun et al.12] 109—1010 4.3 0.29 6.10 —0.3240.05

Stevens et al. [16] 10 7—10'2 0.7 1/2 — —0.29
Scheel et al.[17] 105—108 0.7 1 1.76 £ 0.12 —0.25 £ 0.01
Burnishev et al. 19! 108—1012 0.8 1 4.340.3 —0.3140.02
Lui et al. 18] 10 81010 ~7 1 — —0.285 £ 0.04

work(2D) & HE 45 AN, oA 040 B = 4K
W, N3 2 T LU B, A I i R I
Ra MUH b7 T HE 55 A BOTF 90 45 52— 5000, 12 M
53— T 0 A S 2 7 R = 4 o I
LA DNS HOlt BT 9 25 L 2 B 1,

i

i U AR PR TEAE 2445 DB 22 A EAR S5 2
LB B, BRI A% AR A LIRS AR
PERIWEFC R TR TR, DNS HfE it 70 2
T BRI T = R F Bz —. ASCM AT
FFAT TH IR IR P00 I DNIS A5 4D FR) B33 SR A 7 V2%,
T T R Ra B0 — 477 s M =4k i 7 1 1O RB
FAORHAL. VAT B B i AL A Nu 805 oA
WEFCFE HTH LA SR B AR — 3, RIA ST B
SR G EIAT AR, G = Y Ra B —4ETS
IR 1701 Y41 = 4 J 7 Jls RO SRRV XS LR T, 79
FLUT 45,

1) HETT AN R 17 V- 2y = 4 e 7 5 BRI
T2 5 AR AE R LIS A i, 110 HL B Ra %
) (AN AN 2 /0 11 727 N U 5 2 DA s
DT AN R R RO R 7, A YA
Sy, 10 JE TR0 F- 28 = 4 Ji 7 JEE T sl K R R 3 A i 52
i, RAMA .

2) 4T sl BT XAEAE BN A, 1S
PRI IS BT K, 3 AR 8 DX A B A
IR JZIG )&, LR [~ 48 = 4 i 5 JE U 50 AR 73
A /2 B KIRZ . B Ra BHUHEIN, — 4607
I Bh i FE 20A  i JZ JR) A B B BOZ P S,

4 %

YT AN Je 16 1 1) = 4 i T Ji JER AR P I TR RE 2>
AT ZE TR

3) BT Py R i A LRI B R R
FERFE AW FUR B, 2T AR Ak = 4 Ji 75 JEE AR
IR Bl 25 U Bl v L R AR A R, R
3 5 R 5 L L = 4 75 Js i sl O I E U 5 )R R
/N BEE Ra BURIIE N, WU R0 5 )R R AR AL
REDFZEE S Ra U AEERRE R R,
PR L 1 5 2 B R AR AL B b FE A PR B A — 2L
PIEE IR 2R K R B AN

.
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Characteristics of flow and thermal boundary layer in
turbulent Rayleigh-Bénard convection®

Huang Mao-Jing Bao Yun'

(Department of Applied Mechanics and Engineering, Sun Yat-sen University, Guangzhou 510275, China)
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Abstract

The parallel direct method of direct numerical simulation (PDM-DNS) for Rayleigh-Bénard (RB) convection is used
in this paper. The differences and similarities in flow characteristic between two-dimensional (2D) and three-dimensional
(3D) turbulent RB convection are studied using mean field for Ra = 10°, 10'°, 5 x 10'°, and Pr = 4.3. Each of 2D
and 3D cases has a large-scale circulation and corner rolls. The shape of large-scale circulation becomes round and the
size of corner roll turns small as Ra increases. In 2D RB convection, there are four corner vortices at the corner of
the square cavity and a stable large-scale circulation which is elliptical. For spanwise averaged 3D RB convection with
two corner vortices, large-scale circulation reveals spindle shape. Due to the characteristic of the corner roll, the region
plume dominating is wider in 2D RB convection than in the spanwise-averaged 3D case. Further, the Ra-dependence
of thermal boundary layer properties is also studied. The thermal boundary layer thickness is scaled with Ra and the

scaling exponents of A\g with Ra in the 2D and 3D cases are very similar.

Keywords: Rayleigh-Bénard convection, thermal boundary layer, turbulence, PDM-DNS
PACS: 47.27.te DOI: 10.7498/aps.65.204702
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