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ABSTRACT: Low Rayleigh number thermal convection in a fluid layer confined between
two-infinite horizontal walls kept at spatially sinusoidal temperature distributions, Tr= T, +
AT sinkx, Ty= T+ AT sin(kx— ), is thearetically investigated by a regular perturbation
expansion method. For small wave numbers, an upright cell is formed between the two walls
at §=0. The cell is tilted, as the phase difference increases, and a flow with two counter-
rotating eddies occurs at = 7. When the wave number is large, isolated eddies are formed
near the lower and upper walls, for all the phase differences. There exists a wave number at
which maximum heat transfer rate at the walls occurs, at each of the phase differences. And
the wave number increases with increase of the phase difference. For a fixed wave number,
the heat transfer rate decreases with increase of the phase difference.

Key words: Thermal convection(d ™), Sinusoidal temperature distribution(F@3H2 &=
B¥), Wave number{3}%5), Phase difference(7¢+3}), Cellular flow(4d &%)
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Fig. 2 Variation of streamlines and isotherms
with respect to 8 with 2=3.1: @ 8
=0; (b) B=0.Tn; (& §=0.97; (d)
B=0.95r; (e) B=nx. The left are
streamlines and the right are iso-

therms.

L T /50t 2231 #le] HAEHA 54
Rayleigh-Benard ®FlA 2] %A Rayleighs
17088k #& kel Ra=5009] @& it A
Al ahsach

AA Fig. 24 k=319 tigle] g ¥z o}
g FH3 T4 2g TAEH sk o
WoAbeloll Y4 A gl f~=0% ALY HF
L, gy Ay 2=& #= Hik=x/2)0
Ae 872 H4 228 v HAk=3n/2)
e WArte =g dlcell) of ¥AEY. =2
gt o] AL (A<M E &N EYE
3tA He g7 AZFE 2 71evle dF 9
AxA B}, 2z G@Y g=rdHE o=
=okel A wtd wWgez HAsE F MY 4
°I A0t f=0 f=x9 F FE& MR o}

F tZth 281} Fig. 2& 8 ©& o9 e
“4°I7P i EakA dejus HE RoAF3n Uk

4+ o

TE
$e

(d

(b) (e)

Ik 4ok 3k

(c) (£) (1)

Fig. 3 Variation of streamlines with respect to
k for =0, nf2, and n: (a) B=10,
k=6 (b) B=0, k=9; (c) B=0, k=
24; (d) B==x/2, k=6; (&) f=1x/2,

f) B==nf2, k=24; (g) B=nm, &
=6; (h) B==x, £k=9; @) B==x, k=
24.

<39l A& kol iz f4R fol ke {4
3 FeMs 2ge Fig. 24 AAd Az g2
HEE RoFch zEd k7t A ol el
2§ H9E Atolg] F3¢ GE FRS Fastn
ool gl 4% @3 2 Fel o3
g ¥ ZAAA FHHA LEEolEe] 44
k. o)AE A¥EE B=0,x/29 W Fig. 3¢
LZatatgoh Fig. 3% kel @e 5349 Holrt
A deidg Helzm gloh W& o gl
AgE o8t Hlxdt f=0%0 H(Fig. 3(a),
b), (), m/2<kx<3x/28] dgA <}t 9
o Ut F ALECEL EF AA wgom 3



150

0.8
g (a)
Nu - {b}
0.4
) (c)
O FTTTTTT T TR TTTTTITTTT
15 20 25
k

Fig. 4 Nusselt number as a function of & for
several phase differences with Ka=500:
(ay 8=0: (b) B=a/2; (c) B=r.

Astz gled, Uydx g9 Ao F ALE
ol EL EF whalA wEe &F WS FlRZ
gth, wetAd Eole] F4 REAAE AHALEF
(shear layer)e| A HE RAAY 2o A
2t2 Rayleigh #ellA = WHoA 2] &5 Fujo)

g delue #E80 4 2w HAAA &
Y FER ZFA R A Ar)A
wedt 4=0, /290 A dlF k>0 o8
Zo] F=0o o3 E=E e dAF 4
(convection cell) Weh 5 7He] & FFor 3
Aets 2807 dojdt I8y f=x¢ 7
2(Fig. 3(g), (h), (Yel= o} L kol }E
£% e 9w&s gk duEd o] AfdE
oln] & ko dAHE A3le HWH F o] &
gy dge] 457 dEolth. 2 f=rx<]
& g=0dv ¥ 4sd F dge 74+
Az iy ez AFJL HAgar g G
ol k7t F A% Fold FH(y=1/2) F29
FAE A AAdE el ek olHE A1)
9 FHzHe ¢ + Aok H0NY 2= 2EE
el O(1/k) FA9 4 AAZE Az
= L2x7l dA(I=0F0E AL BRAET
BEF ko A g g frEde med
Fig. 2¢ Fig. 37 Zth d5ole 29 ¥
Z #F Nusselt £9 AFS A=0, /2, =zl &
3 Fig, 4o EA13tsth B8 Nusselt 72 WH

O O T T T T T T T ¥ T 1
g/m
Fig. 5 Nusselt number as a function of £ for

several wave numbers with FKa=2500:

(a) k=1, (b) k=2; (c) £=3.1; (d)
k=5 (e) k=10.
100
e
O T T T T 1T I T 1T TIrTTIITTTT

k

Fig. 6 Relative difference of the Nusselt num-
bers between A=Q and fB=nx, &=

NulB=0) X 100(%), as a

function of A,

2<k<4.5004 HAdigg 2dn k7t ZebAAY
AW 022 HId Aok F, EE H4A S
A Hdl Nusselt +F e #55 £7F &3
Lig= %

Fig. 5els g2 WHas]l o2 Nusselt +2 A
52 k=1, 2 31, 5 10¢) whsll T A3t 4
2DelA & & gl%ol Nusselt ¥ 28 74



AN = BX g v F 58 3y Aeldale] F2 Rayleighe € W& 151

s $3A7E (e (=0 1 & #E 7t
Ao A AHETE Fadgch a2gEd 9
4a7E 7t 2 g f=nx)el Nusselt 71 7HF
e & 7IAA gtk Fig 69 =08 B=n
el 49| Nusselt ¢ HAY ae] [Nul(f=
0) — Nu(B=m)]/ Nu(B=0)F 355 kel 5
2 EAREY. 7 ke WA Aeles kA0
AN g B & THAE kI AFdFE FHE
A Z&Ed k>0 A o2 He T
ot k=14M9 FAHR Aol £x96.6% @&
S HEd ey A>10dME e<10%, E> U
AT e<1%, k>170ME €<0.1%, k>199)
Me e<0.01%9 & 7t o9 e &Y
2 Fig. 39 k<] Higo] o& FEHY B2
A g e gk & k7 A o} erHe) 4
g Alele] 989 AT 4Ro] ZAe =)
A gl dEglel £ @Y kel YoM Z
z}e] ¥l 2] ZPH rollEel F4H7 o
# o},

oz Fig. 7dE A Nusselt & Zt= k3
Tao o BFEA EAGNAT HEAT e
A4 =02 H Nusselt T8 Z=& fE4+:
k=227010 A7t AFA4E ko S 29
v 0sB<0.6rollMe ke 2.21<k<2.389] A9
AT g @3 f=0.TroA g FHEA

E
43
33
k3
2
13
0 lil_l_llill]
g/m

Fig. 7 Value of the wave number 2 when the
Nusselt number has its maximum value,
as a function of £.

Zsb@ g/z=01 02, 03 04, 05 06, 07,
0.8, 09, 1of4 #Hd Nusselt +8 = FETE
zd k227, 2.28, 2.29, 2.3, 2.33, 2.38, 25, 2.83,
3.69, 4.14°|},

4. 4 E

FHHez HEHY &% BRE, T,=T,+
AT sinkx, Ty= T+ ATsinlbkc—A)E 23 3l
= F Y #H# Aoy #3 delAM dolys
Ad 7 AL 2HE Rayleigh o 3] 34
el HE Fitd FAPE Y. BFF kA FE
AH-(k<3.1), $24 =002 st A& &
Ao ddste shte 4ol FHEY. I
A7y AW Ao 2ge rle&oAA ¥ n A
W A=roME Apde] Z9 FAMH d& gy
9 o]F T3 4o] AR HEF4A Ade
£ 5 ynigte da¢ Azagel Fadd &
2t HeEd e % Hgyg x Pyl ¢ =
Ztzke] MW ZAAAM SYAHY rollEe] HA4HE
o B2E 4raE g0 dlE 3 d Nusselt T8
= #d% k7l EAQ7d o] ABE FHoez
o k7t E71E AV FAEE Nusselt ++ ©

CEFHoZ Pagdh TE SFS dEdlA §=0

Q1 AL 71A & Nusselt &8 71A0 YAkast
FNHEFE(f=r7A) Nusselt T+ @ZHez

Zagr
[ ity |

1. Lai, F. C, Choi, C. Y. and Kulacki, F. A.,
1990, Free and mixed convection in hori-
zontal porus layers with multiple heat
sources, J. Thermophysics, Vol. 4, pp. 221-
221.

2. Watson, A. and Poots, G., 1871, The effect
of sinusocidal protrusions on laminar free
convection between vertical walls, ]. Fluid
Mech., Vol. 49, pp. 33-48.

3. Sparrow, E. M. and Charmchi, M., 1930,
Heat transfer and fluid flow characteristics
of spanwise-periodic corrugated ducts, Int.



152

J. of Heat and Mass Transfer, Vol. 23, pp.
471-481.

. Faghri, M. and Asako, Y., 1986, Periodic,
fully developed, natural convection in a
channel with corrugated confining walls, Int.
J. of Heat and Mass Transfer, Vol. 29, pp.
1931-1936.

. Asako, Y. Nakamura, H. and Faghri, M.,
1988, Heat transfer and pressure drop
characteristics in a corrugated duct with
rounded corners, Int. J. of Heat and Mass
Transfer, Vol. 31, pp. 1237-1245.

. Riley, D. S., 1988, Steady two-dimensional
thermal convection in a vertical slot with
. spatially periodic boundary imperfections,
Int. J. of Heat and Mass Transfer, Vol, 31,
pp. 2365-2380.

. Patankar, S. V., L, C. H. and Sparrow, E.
M., 1978, The periodic thermally developed

#34- 442

regime in ducts with streamwise periodic
wall temperature or heat flux, Int. J. of
Heat Mass Transfer, Vol. 21, pp. 557-566.
Kelly, R. E. and Pal, D., 1978 Thermal
convection with spatially periodic boundary
conditions: resonant wavelength excitation,
J. Fluid Mech., Vol. 86, pp. 433-456.

Busse, F, H,, 1981, Transition to turbulence
in Rayleigh-Bénard convection, Edited by
Swinney, H. L. and Gollub, J. P., Springer-
Verlag, In Topics in Applied Physics, Vol
45, pp. 97-137.

10. Drazin, P. and Reid, W., 1982, Hydrodyna-

11.

mic stability, Cambridge University Press.
Wang, Y. and Bau, H. H,, 1988, Low Ray-
leigh number convection in horizontal eccen-
tric annuli, Phys. Fluid, Vol. 31, pp. 2467-
2473.



