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Figure 1: Ri dependence of (a) f and (b) (Nu)a. - - -, Rep = 3000; —, Rep, = 4400.
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Figure 2: Ri dependence of u, normalized by (a) up and (b) ug, respectively. - - -, Rep, = 3000; —,
Rep = 4400. ,
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Figure 3: Ri dependence of %yms) normalized by (a) ug and (b) ,/Trug, respectively. - - -, Rep, = 3000;
—, Rep = 4400.
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Figure 4: Ri dependence of uyms normalized by (a) upy/ug/u, and (b) u,2/ /g, respectively. - - -,
Rep = 3000; —, Rep = 4400.
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Figure 5: Ri dependence of T;.ms normalized by (a) AT'\/uy/u, and (b) Tru,/,/G,ug, respectively. - - -,
Rey, = 3000; —, Rep = 4400.
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Figure 6: Cross-sectional distributions of mean streamwise and cross-streamwise velocities and mean
temperature at Rey = 3000. White curves denote iso-contours of mean streamwise velocity. Temperature
is represented in gray-scale; white is the highest, while black is the lowest. Mean cross-streamwise
velocity is shown by vectors. (a) Gr = 5.0 x 103, (b) Gr = 2.0 x 10%, (c) Gr = 5.0 x 10%, (d)
Gr = 9.0 x 108,
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Figure 7: Cross-sectional distributions of mean streamwise and cross-streamwise velocities and mean
temperature at Re, = 4400. White curves denote iso-contours of mean streamwise velocity. Temperature
is represented in gray-scale; white is the highest, while black is the lowest. Mean cross-streamwise
velocity is shown by vectors. (a) Gr = 5.0 x 103, (b) Gr = 4.3 x 105, (¢) Gr = 1.0 x 108, (d)
Gr =2.0 x 10"
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Figure 8: Two-dimensional steady thermal convection at Gr = 1.0 x 10%. (a) Distributions of velocity
and temperature represented by vectors and isotherms, respectively. (b) Streamfunction 1 represented
by iso-contours, i.e., streamlines. The bold iso-contour denotes the value 3 = 0 for the wall boundary.

(a)Ri = 0.00056 (b)Ri = 0.022 (c)Ri = 0.056 (d)Ri = 1.00

i —

-0.5 0.5

-0.5 0.5

-1 -0.5 0 0.5 1~ -05 0.5

(e)Ri = 0.00026 (g)Ri = 0.052

(h)Ri = 1.03

Figure 9: Cross-sectional distributions of streamwise r.m.s. velocity represented in gray-scale. White is
the highest, while black is the lowest. (a~d) Re, = 3000, (e-h) Rep, = 4400. Gr = (a) 5.0 x 103, (b)
2.0 x 105, (c) 5.0 x 105, (d) 9.0 x 10° (e) 5.0 x 103, (f) 4.3 x 105, (g) 1.0 x 10%, (h) 2.0 x 107.
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Figure 10: Cross-sectional distributions of r.m.s. temperature represented in gray-scale. White is the
highest, while black is the lowest. (a~d) Rep = 3000, (e-h) Re, = 4400. Gr = (a) 5.0x 103, (b) 2.0 x 10°,
(c) 5.0 x 10, (d) 9.0 x 106 (e) 5.0 x 103, (f) 4.3 x 10, (g) 1.0 x 10°, (h) 2.0 x 107.
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Figure 11: Visualization of instantaneous flow structures at Re, = 4400 for (a) Gr = 5.0 x 103, (b)
Gr = 1.0 x 105, (c) Gr = 2.0 x 107. Streamwise (z-oriented) vortices are shown by iso-surfaces of
the second invariant of a velocity gradient tensor, Q = 0.03(u2/v)2. Gray objects represent clockwise
vortices of positive streamwise vorticity, and black ones represent counter-clockwise vortices of negative
streamwise vorticity. Low-velocity streaks are identified by corrugated gray meshes representing an
iso-surface of streamwise velocity u = 0.6uy.

-1 -05 0 05 1A -05 0 05 1
z/h zfh
Figure 12: P.d.fs of the positions of vortex centers and mean streamwise vorticity at Re = 4400 and
Ri = 0.052 (Gr = 1.0 x 10%). P.d.f. is shown in gray-scale for (a) clockwise vortices with positive
vorticity and (b) counter-clockwise vortices with negative vorticity; black is the highest, while white is
the lowest. (c) Cross-sectional distribution of mean streamwise vorticity represented by iso-contours;
negative (counter-clockwise) contours are dashed.

6 =S

AEERBE T CRAODHEEZRIIZKEREAERE 7 FADEL A/ )V XEELTR (Rep = 3000, 4400)
NI AEEREY I 2L —Ya 2Tk, ThHDOLA/IVAETIE, VF¥y— RV VB Ri ~
0.025 225k, ALRICE VBB INIEEBLBZATRETNIERLHNAEBELZS/2H, i
BACE>TEHENLCDRCBEOEHRENSRET S, CORmNIL, BHICXOEBEE
NBE7 rhDEED DO 1 DOXBEBER, BXUCEARICIDEFINSEAIIC 1 DT OEEY
B> TEHITIONS. TORFEBRIE Ri DN L bbb, TOHKR, BEERE LU
THILV R FREES. ARICBY 3 ZRENBII ARERRR R EICEEL, BFRTMLY
EERD T DEDOERE, BEELFRICENSBREOKFERETHIRBICIT 3, BRAK X2BHHE
CHEICBIT AR ERARICE > THBT AT LATES. Thbb, BRELYEET ZHIBIZA
EEBRT HIFEEREOMED SBWBER & YA ROFEERE LR 5720, BREOBRIRICH
LTABMEICEREL, TOFEEE L THERHREYRED —RFENBEREL LS.

EHIVFy—FRYVEHIKRELKBZE (R 2 0.25) , EETRBNADERHOEENTEN &
3. TOBEIKIZ, FHIRHENE, ABEERRE ThICHBUTRET 2 2 DD0/ICH T 3 HEER
WKLo THEHEDT Hh, HERASICBVTRENOFTOEBRELRENENS.

¥, ZRBNADOBRADOEEBIXENEES Ri~ 1 IZBVWT, TRANOFEHE, FEREE
OENDRTr—Y YT DNTRET LT, ZRANOTEHBDORE T, FHFRICXEBHELEND
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Figure 13: Cross-sectional velocity vector fields of the vortex filament of strength < induced by its three
images expressing the two impermeable walls and by the filament of strength I (> 0) representing
the (clockwise) large-scale circulation and being fixed at (y/h, z/h) = (0,0). (a) The clockwise vortex
filament subjected to the weaker circulation, I'/v (~ ug/u,) = 3.3. (b) The counter-clockwise vortex
filament subjected to the weaker circulation, I'/y (~ ug/u,) = —3.3. (c) The counter-clockwise vortex
filament subjected to the stronger circulation, I'/y (~ ug/u,) = —11.7. '

MRDODDEVTRED, uy = VgfATH ORELFMEE I, ¥V kel i BE A AEOEEILN
DREXZ, ERCLIBFHLMUEOHRODDAEVICK>THREE N, W/ H)u, DBELEBTL
PR ENTZ. X7 FRDEAROEEENICOVTS, ARCK2BREMEDHRDODDENICEK
D, u,2/\/W/Hyu, OBELEZLAHREENT. E5ic, BERSZICOWTYH, ERICK5BH
LIBDHRDDOD BV K> TRED, Tru,/ W/ H)u, DBELEZ T ENTRRENT:.

REARZHERTEICR, HERTARATRRREKIC TKM%’E%% Lictk, EAEABARNRIC
BOTABICHENSHBROERICEAL TARL THERZERAV. TTIKELTHMERZERT 5.
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