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NUMERICAL STUDY FOR PRANDTL NUMBER DEPENDENCY ON NATURAL CONVECTION
IN AN ENCLOSURE WITH SQUARE ADIABATIC BODY

Jae Ryong Lee'

The natural convection in a horizontal enclosure heated from the bottom wall, cooled at the top wall, and
having a square adiabatic body at its centered area was studied. Three different Prandtl numbers (0.01, 0.7 and 7)
were considered for an effect of the Prandtl number on natural convection. A two-dimensional solution for unsteady
natural convectlon was obtamed using Chebyshev spectral methodology for different Rayleigh numbers varying over

the range of 10" to 10°

It had been experimentally and numerically reported [1,2] that the heat transfer mode

becomes oscillatory when Pr is out of a specific Pr band beyond the critical Ra. In this study, we reproduced this
phenomenon numerically. The variation of time- and surface-averaged Nusselt numbers on the hot and cold walls for
different Rayleigh numbers and Prandtl numbers was presented to show the overall heat transfer characteristics in
the system. And also, the isotherms and streamline distributions were presented in detail to compare the physics

related to their thermal behavior.
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719 (Spectral Method)

Ak 8L Pesso9}t Pivas] £ SFI ] thelA DA
H X Pr o] gkl M dATstgi e, pr 7 K
o] whe} it Nusselt %= F7hetcta B skSith Verizicco
o} Camussi [6] &= AACE Pl pr o] QIS 1Y)
S el AddiF AdE FAEAEATE Simitevet
Busse [7] © "~ =& Pr ddl disix] Hdste 78 2
AN AAF AS ATtk
AAPgHe] Wz dellyA] AGAI=E, A Tl A
7P°d 9 Y7k 5o FehAQl AHo M Bk ol g
Saldle] Bt ow|7} Qlvh 1 FollA, FWEF 2=t
t‘ZHOE oA Uil EH FA|S|A o] o] Fero] gt
t}. Vahl Davis [8]= A oAl UlFel 43 ETu7t
EAEE 75l digk 22k J FAE S s
ATAE] FellEo] EAlHE WAl Wil A
HAle TS AT House 5 [9] & HHIAl W] Abz
AEAE Fdste] ddewvld] B difs s st
Ak Mezrhab 5 [10] & dl¥tol ool &A= LAl

(

J

rL'

S

]’6 Ul—

r1o

:1m



30 / BN MFH SEE|A|

ol A &

Isothermal wall T,

d = >
= R
2 Al > g
- 5| [T g
§ Y | Body i |
-

Isothermal wall T,
L

(a) Schematic of the system

(b) Grid distribution

Fig. 1 Schematics and grid distribution of the system

el Al Ae Tt el Al B4 SR

ek Aol AN 5 43

A, el gelge urh vk 7EE 4 9

= AHA Yol AHEE Ao ES FadtieA], % °HE

o 917 Wjol w U Ege] skl g A7k 7
S S0t [11, 12] e, Folo] & walA

-] AAtiFol et AFES AT Pro ol sl

el Aolrk

oldel ATEAN % 4 i et o, RojEo

@ o

e WHA ol tharst progol 3,
oAM= T A oEo] EAshs A9l g
DAHA o] oAl theFs Progroll ek 23k A4
S FYgoRH Pr 7k AUl HAE S Hetd)
32} 3k Pro429) gs w1l $8), Pr 4= 0.01, 0.7 18]
T 7S AeEEisith. g3 Rayleigh 4 392 10°~10°0]tk

A, fHee Raset Pr Toﬂ meby gag
F714 e A MAddE 5 ekl 4 9k

2. X|HjEFH Al gl £=X|5|AM HHH

Fig. 1(a)= & A7ollA ARERE APFEA)7E Al 2o
Aol S e Aot dHAls AAGEola, $3H|
Lojth vl AAAEe] EA7F A8k, 3 we] Zo]
woltt ®aAe] o e Thae|a Sl HaE Teo
o enE gxdit) B AfdAle FAL 7 wEtoz W
FE fhol WakA = 24 SAR Pesid fAlel
A= dAsitha ZPdeih | 59 s yehls &
== Boussinesq 7H3& ARE-ste] o5kt
275 e A ofelel FAsl A&
A, T BE HC]—;(/'\‘I 3oy BE BAAS ARES)

e e

V e u=0 @)

%_’_z. Viu—— vp—l—PrV%)—&-RaPrG’lc;> @
0  —
9lo] WA Ao A Fxpg] Wase] Aol thew) 2k
po o — at u*L
L2 5, = 7 —,Uu o 3
e ) -7 @
p= pOé2 T ]—}1_71'
71, p T, o= Ao] FAles UE L%, dHSE
VRehIc A * = Ae] gl Meele tehi u,
t 28]a 0 & 247 FAlskE S b, A g 2

p,

k=

L}E}Lqrjr A (elA Aolw Fo8 Farg Wl pr 429}
FE U2 2ol Aejdrt

Pr= V, R gﬂLSAT ©
vo
o71M, v g R B = 44 AT THEE R 9
AA%E ey,
) A 3g 4 (1)~@)ll F FAsE Falr] Hstol

o

49 ~¥EY ﬂ& (multi-domain spectral method)S A&

SHTh [13] B9 7IHE AXE 49 UiRe] FolE 58
&5t el 4‘1010}71 ufiol, PRE Awghy| [14], ankey=
ulF-e] 1=l [15] 59 Al AR FAl A-83tr] 4
th GoAE Ul doEe] EAlE] wjiel] WA T
£ Fig. 1(b)oll BAF AAH 8719 H <% (sub-domain). o=
LP-rOW ALk 2t Hodguit x Ry WO R 51x5171¢]
AZTE AREate] AES st 44§ doelME
AWM AZ A7 (Chebyshev expansion)E AR&3l%lom, o]
o13to] AL H|Y Gauss-Lobatto HEE o] Foixit},
AlZbl digk JES flste] 2eAl AR 28 W
(two-step time-splitting method)E AR&-3Fth 3 WA Azt
AR e AIZRIA F1E AIZE R Aol A B
WA 2] (advection-diffusion equation)ol] Tk s = 3ttt o]uj
A FRl diRde] ARS8k 3k dEgel
Adams-Bashforth 71%-& ARE-8ISiTE ik doll tigh A&E-&
ste] a9l Crank-Nicolson 7]%S #8310tk o2 A
T SEFS ARl gElel] g Xols (Poisson) o
2ol digk e S3HS ARt Tk - O
o) ‘n+l' GAGNA ZHZ9] divergence-free 218 wEsls &
TE Ttk &R g sle SR AR S AL

|

}:H

|l

-

O

ok



Az G EATE EAstE DHA HEAM Pre W3] HE--

A164, #3%, 2011. 9 / 31

=
- Pr=0.01 |
Pr=10.7
S Pr= 7.0
0s o = ; 5 5
Dimensionless ?h'ne,t ! ! b
(a) long-time history
3
25 /\ ]
N 4
2
15F ]
Increasing Pr
L J
05 o . 0% 5
0 ’ Dﬂi:nulonless time, t )

(b) Magnified range

Fig. 2 Surface-averaged Nusselt ntimber
at bottom hot wall at Ra=10

Hio 9] 4 Nusselt 7, &7F H3F Nusselt 4= &)1
AIRE B F3E 35 Nusselt 7= ofel] 2] (6)) 2ol Holset.

N 1 L
Nu= i, Nu=— NudS,
on L 0
1 tp_ (6)
<Nu>——/ Nudt
t,J
71 L Wt % 27 ney o] © A AR P

LEh.

& Aol AL v AHER FAIEE o83t
AT 4 DA Wl A I
Aol gk At dste] ATesi [17~19] ©f
nz|5e] A B S8l it A

o

o
o
o[N

3. &3t & oY

3.1 Ra=10"
Fig. 2= Ra=10"d) o} 1.8+ 3
W Zoltk fr5 Pr ol Addglo] AIHIR mddit)

(.b) =011  ()t=038  (d) =0.46

Fig. 3 Snapshots of the isotherms for Pr=0.7 at Ra=10"

=

([
)
)

2)

(@

(a-1
(b-1) (b-2) (b-3)

Fig. 4 Distribution of isotherms and streamlines at Ra=10"
(a-1) isotherms for Pr=0.01; (a-2) isotherms for Pr=0.7;
(a-3) isotherms for Pr=7; (b-1) streamlines for Pr=0.01;
(b-2) streamlines for Pr=0.7; (b-3) streamlines for Pr=7

Fig 2(b)olA & 4= = weh o], Pr = dif BE=vF U
Ehbe A 93-S vt 5, pr a7h SHESE, Ui
Re7b 4 vehdd dpkehd, Pro 7t S7HEEE, 8
ko] oA gitel wsiA AujEe)7] Wl thirt &

s 3

=}

H
A7) dhigelek W, A pr (00152 B, &
o] "ol 27| wite] tFHF A UehA &=
AVl (quasi-steady) [20] 7F 27 717+ B9 x|&Hch pr
F7F07 T2 2 oY w, B Nu = A =
a7] A ks o] ety ol AaE FHs

7] A% P} ageltt.

Freo] wAste] e mEehes Sete] AAE @2
< Fig. 3ol JERAITE o et whashs A1l 2lolzh
AE B, HEhhks @ AT Progell daglol Hlszab]
wfioll, Fig. 3ell41E Pr=0.7 & wWo] &5 VRl =
7lell, dH7-o] A2HE o R E WA A7) F(plume)o] L
A s eel M sk, (Fig. 3(), () ol ®, e
y-5 0T A, (& Btk o] F, gAAE Hole 2=
ol Bl (Fig. 3(c) W Bole F9E5 sk e
TE BT (Fig. 3(d) AAEEl = dfsde o
ZF oA, (@)= W



32 / BRBMFH SEE A

8 T T T T
T Pr=0.01
st Pr=0.7
s s Pr=7.0

B
3
a
"
’ 014 Dﬂli%nsionless Iiljl;g. t 1I6

(a) long-time history
8 T
7
sk
5
-f 4
3
2k
1k
0 565 G _o.'Ls —5'5 555 0.3
Dimensionless time, t

(b) Magnified range

Fig. 5 Surface-averaged Nusselt number
at bottom hot wall at Ra=10

y-axis symmetry:

[ 0" 2"y == u,0,— .y )
diagonal symmetry:
[ul7v,79’7x/7y,](_[7'Uﬂivy(l79)7L7x77y] (8)

Fig. 3(0)~(d)E B33l =23}
8] 7?0% TZhl FgRity weuHow

34 =y
F7ol dolE FAE IHete Acel)FE] fr5dos 5
= 1t Po} B dHEdES §43 Uk uR
AFEA FHE FHEe fee] a8 o] E(bifurcation
theory) [21] ol 93] o= WFoRE vERd 4 gloy, &

ATl A= A ke R |zlsit)

Fig. 4= Pr Foll W& AddelelX e Fedds vekd
Aolth Fig. 25 S3M & & Sl wie} 2o, Pr=0.73% 7
o] fresfede wfg- frAksith A Pr -r«l fFrAlE Folx
Ra =l tisir] djdeg & Grashof 5 7FA|7] Wil

L5 FulE et [22] 137 anoﬂ Fig. 4(b-1)<}
Yo, oA UjFtolxe] f5o] R}y hsta, 12 13|
19 A 7PgA] oA ] o]atelF (secondary vortices) = L}E}
7AEgS HRh §HE, 3 Pr & T fA1Y] f54
A2 EA 398 FAeE e AgHez =35
DA 7PgAE 419 o] xR wlg- 2A| VERA

2 omy rm

K o off

ooy O o

-to-low

= (=0

oY \' _ 0)|

(d) Low-to-high

Fig. 6 Snapshots of isotherms for Pr=0.01 at Ra=10°

v & A (Fig. 4(a-3), (b-3)
3.2 Ra=10°
Fig. 5% Ra=10"Y wWo] Hi Nu 52 YeRd Aojtk. pras
7H07 & 1ol o, H Nu 5 2719l REshe o
BS 1ol 3 gapdele] SEdit) o] Ra=10'd wjo} AL
sttt vk, 2719] Egtel] Aolz) qink &, F2lo] FUt
?%ﬂ upeba], )dehr] AlEkeE el WAl oAl faol
TotHA A dEE ATt Fig. 5(b)e FdiE 1Hs
oHH & 5= Qe uhe} o), Pr 57t Fheel wEbd, &
FHE Aol W) mEE) Fig 39 JERd T9lves

337]4 ZFol y-= tHS FAA
‘El.*?iﬁr XLOHE *}01 MOﬂH s
a7 /\VH&E} o] %,
a3 & AETE Zl”r/‘ zo}?) d
ot 7ol oigk A2 Lee et al. [23]° UrE}Ur E‘r
A, Pr=0.019 wWe] fsfE Pr=07 &2 79 w9
o} A& thzch pr=0.01Y wle] 5 A EE 8]
A @, 54 Fa5E 7R A Asste ds dekdoh
ol A= Al wEH, A Pr o] FAJA A, Hl
5 Ra 77F QAIRLS oFh ool = Bl free] %
TS B £ S5S Btk [2, 24] Fig. 50 vEE
woule} o] t=08 IWRE F A El(quasi-steady) <)
AmRed el o5 tifrest vERbEA Ui
o8 FH= FHeke fredel vEhta, o I {5t
AR s ¥a AR HFehs dEls e
5|

2 Arcidiacono 5 [25] ¢ 4

iih)

e |
)
b=

Pr_o.01°‘E‘ HJH At w2 3]HREe] HES Fig. 60l
YERASITE Azl whe Het Nu 2 AR JES
Yehl7] mel, Fig. 6(@)~(d)E 22 Nu 571 JidaA

4 5%



Azt A7 EASE B A WEAA Pre WSt ©E- - A16#, A3s, 2011. 9 / 33

00151 4 _boisf

Power spectrim
=
=
Pawer specirum
=
2

0.0054 4 0.005p

300 400 500

g 100 00 300 400 500 0 100 ﬁDD
requency,

fr(qntrrcy.f

(a) Pr=0.01 (b) Pr=7

Fig. 9 Power spectrum of the Surface -averaged Nusselt number
at bottom hot wall at Ra=10°

(b-1) (b-2) (b-3)
. T : i s, Fdgelx s, JPgRtElel e ojatekie] =717t
Ty otharms for 001 (3.2 otherms for g7, A4St @, SldfEgel el wek WAl 1
(a-3) isotherms for Pr=7; (b-1) streamlines for Pr=0.01; AApgo] &A= o|xelRe AL Frjdow W3l
(b-2) streamlines for Pr=0.7; (b-3) streamlines for Pr=7 = g2 220 7ojs} Z2s|Hoz Waks elge) wop
S A&A o7 wEET) (Fig. 6(b), (d))
- Fig. 7 R Pr 2ol tishd] =43} £4S vehd 2
olth. Fig. 5ellA Arggh ukel o], pr=0.01 o W= F7]%<l
. AsHAE Hepl7] wiitel, 2571k diaixRt Az
| & fEoln, Ui F Aolzt AbgEl AE e
AT W Zlelth pr=0.01Y wE ATk ARFEAEs] Wi
oy o, A2l AAFFIE Aol T el sk
, . =7 Uepd) o2 F Aolxe A (Pr=07, 7), H52 Ho} A
* omensionss e, ¢ ° o 33, Pt S5 7%“@‘)11/‘1«] ojxtebrE 1 A7)
() long-time history 7} 7kB,
10 T T T T
aF 4
of ] 3.3 Ra=10°
s . Fig. 8 Ra=10°% uw]o] B NusE vreRd Zlolt) g,
s : o we 39 ~=EY (Power spectrum)S Fig. 991 LR
A | Atk Pr=0.7¢1 A%, fred oAds] AR mEdE &
b - F Utk whd, Pr=0.013} 721 A9ole APIHE ELEA
2r 1 Fotal, F714 0% vhEehe ddS vEhiit
L L R v L Y Pr=0.01% wle] 5l Fig9(@)el YERd wleh o)
(b) Magnified range afte] AujAel B4 FaE zheth olYe A pro o
Fig. 8 Surface-averaged Nusselt number eS8 ol AAse] dueh A 9 (252 2
at bottom hot wall at Ra=10° UEeR)E, oF H(Ra=105)014 A48 Awsleltt 12} pr=7

9l 7%, Ra=105% W AAAHS f5%o] Ra 7k SV

wjel 2 Aol o] W=Fol o] frgufelolt Zt AdEiolA Oi QleliM F71H e deshs fedfdo= ngln. &
FHEe B o g S A g9 Nu F7F 54 I FEds 53 TR o GdA b
o7 Aizke Uehd o (Fig. 6(), 34 S54E 7kEHa, 2 Fig. 90)E T & 5 Qdrh A Pl Aol ekt
Aep Wy ow el TFo] BAsio], wueae] e | JEIE] 1 Pro ol yehte A2 dYHomu
Tl Apd o Ak wHE, Fig. 6(c)= Nu 57 Hagks AR eE A& deA dEe o Atk

e el SRl of W, B4 S WeA v (12222425 E& Pr 47 AUAOR 2 el 1E @



Nu,

5

L L |
1.015 1.02 ‘:'.‘I“EZE'0 I.“‘.“I ?3 1.035 1.04

(k) Surface-averaged Nusselt number corresponding to snapshots

Fig. 10 Snapshots of isotherms for Pr=7 at Ra=10°

o] ealAur thREESL WA UEhha, pr 47 AXE 2
"e wr} B, el Fuaerg s 5

rl

o}
olflth &, Ra=10"?1 FAL f-5ol Wig- 7h&EE
=} ojE=AS Aol & War} guh a2

T o=

o
~
=)
5

=
)
_'>i
b &

N o2 [o offf ro
18 &
A

woll, 7F Pr ol oisiA Fd el A ok =gt

123x123 (A 121,032)¢] Az} Al2=glel] disix ABRES A
selstglon, sdst AxE Yehlidich Fig. 102 Pr=7<l
Aol et w7 22 Ak EF wel e Aol
o} Fig. 10(a)~()+= Fig. 10(k)l a~j A|AellAle &=2H2=%
otk Pr=0.01 ©f fr&dae] zpelHE Algte] EFo| wt
Gl e T8 sHdste F539] g 714z ut
k= Aotk Fig. 10(k)ell » =1
FAEh 2 B e 2r)olRd ulel 1 A7)
w5 9ok
Fig. 112 AIZH 3ist {53& vehd Zlelth o7
Pr=0.7¢1 A e =gsimE, e groldh

3

o

E
1o
Joi
ot
=2,
=

Pr=0.019) 7§ Ao wHe FrpR Qg

:rLO}F—’ =
ig. 10(k)°ﬂ vrepd wket

= Fi
S AREge] SAT] A 2A ek, WAAY

(b-1)

(b-2)

Fig. 11 Distribution of isotherms and streamlines at Ra=10":
(a-1) isotherms for Pr=0.01; (a-2) isotherms for Pr=0.7;
(a-3) isotherms for Pr=7; (b-1) streamlines for Pr=0.01;
(b-2) streamlines for Pr=0.7; (b-3) streamlines for Pr=7

12¢
10F

Fig. 12 Time- and surface-averaged Nusselt number at the hot
walls as a function of Rayleigh number for different
Prandtl numbers

(logarithmically) Z7}8he}, 3 B Ao tfE o9
FREAAE, Pr 7F S71e wet, B Nu = 715
& & 4 Yok Fig.12¢] ¥]iLE $15ke] Globe & Dropkin [26]
o A#E 7 YT, o ARe 45 LA oA
PI"OOZS«] To5 o] g3l Ayfoln 1.5x10°<Ra<4x10’ o o

ool P A RaFAME Wi @D BATL f5o
o]-;GH o7 9lg YFREE ZXAI|A 1, 19 wet

2]

o, M



Az G EATE EAstE DHA HEAM Pre W3] HE--

A164, A3%, 2011. 9 / 35

T Nug7t ol &8[26]ell wls) Aisor aA yehtA

Ak 9)e) ARE B e tﬂ?ﬂOﬂHi’J Bt N ok
3} e WidoR verd 4 g

<N>: 0.2953(10‘224})1,0‘052 (g)
4.8 2

£ ATdAE Uil ARE BAZE Exlshes HHA uE

oA Pr 429 sfe] whE ATk @l tisia SN
& SRS B es Holwy] A, vlad A RaF
(~100)ME= fgel F714 euE e vepirks Zlo] o
WAHoR guA glom, theka praell diaia o WEEA
setsl] Bl sk QoA UiRel EAEs Az d
tg sy 1ste] vy AHE AMgston, B A
25 51 A AvE Q7] Slske] 2eEd NEe A8

911“/}.

[e5

mlo

a 57F 22 o (Ra=10%), -5 Pr =9} Auglo]
a& U 2e, Foge) Yalss e b
2, Pr 57F Aol whel, Fuldo] 4
. Ra ‘I“7]' 57}6%1] w}a}, e
Pr=0.0131 7<% 3|4

0?~

o
E_ZI
s

L

ot

o o

™R ro fTorlr i of

=

2

N
i\h

O,

o%
o2k
©

AT E wSHE R A hshs AREATNEAY
o] dztow HFPHJFUTE (Grant code: M20702040002 -
08M0204 - 00210)

i)

L

[1] 1989, Kek, V.,  "Benard-Konvektion in  flussigen
Natrium-schichten”, Ph.D. Dissertation, Universitat Karlsruhe.

[2] 1990, Clever, R.M. and Busse, F.H., "Convection at very
low Prandtl number", Physics of fluids, Vol.2, p.334-339.

[3] 1974, McKenzie, D.P., Roberts, J.M. and Weiss, N.O.,

"Convection in the earth’s mantle: towards a numerical
simulation,” Journal of Fluid Mechanics, Vol.62, p.465-538.

[4] 1998, Nakano, A., Ozoe, H. and Churchill, S.W,
"Numerical computation of natural convection for a
low-Prandtl-number fluid in a shallow rectangular region
heated from below", Chemical Engineering Journal, Vol.71,
pp.175-182.

[5] 2009, Pesso, T. and Piva, S., "Laminar natural convection in
a square cavity: Low Prandtl numbers and large density
differences,” International Journal of Heat and Mass
Transfer, Vol.52, pp.1036-104.

[6] 1999, Verizicco, R. and Camussi., R., "Prandtl number
effects in  convective turbulence,” Journal of Fluid
Mechanics, Vol.383, pp.55-73.

[7] 2005 Simitev, R. and Busse, F.H. "Prandtl-number
dependence of convection-driven dynamos in rotating
spherical fluid shells," Journal of Fluid Mechanics, Vol.532,
pp.365-388.

[8] 1983, Vahl Davis, G. "Natural Convection of Air in a
Square Cavity: A Bench Mark Numerical Solution,”
International Journal of Numerical Methods in Fluids, Vol.3,
pp.249-264.

[9] 1990, House, J.M., Beckermann, C. and Smith, T.F., "Effect
of a centered conducting body on natural convection heat
transfer in an enclosure,” Numerical Heat Transfer, Part A,
Vol.18, pp.213-225.

[10] 2006, Mezrhab, A., Bouali, H., Amaoui, H. and Bouzidi,
M., "Computation of combined natural-convection and
radiation heat-transfer in a cavity having a square body at
its center,” Applied Energy, Vol.83, pp.1004-1023.

[11] 2009, Yoon, H.S., Ha, M.Y., Kim, BS. and Yu, D.H,
"Effect of the position of a circular cylinder in a square
enclosure on natural convection at Rayleigh number of 107"
Physics of Fluids, Vol. 21, 047101-1 - 047101-11.

[12] 2010, Jeong, H.K., Yoon, H.S., Ha, M.Y. and Tsutahara,
M., "An immersed boundary-thermal lattice Boltzmann
method using an equilibrium internal energy density
approach for the simulation of flows with heat transfer,”
Journal of Computational Physics, Vol.229, pp.2526-2543.

[13] 1989, Streett C.L. and Macaraeg, M.G., “Spectral
Multi-Domain for Large-Scale Fluid Dynamic Simulations,"
Applied Numerical Mathematics, Vol.6, pp.123-139.

[14] 2004, Lee, D.H., Ha, M.Y., Balachandar, S. and Lee, S.S.,
"Numerical Simulations of Flow and heat transfer Past a



36 / RN MFH S 55| A

ol A &

Circular Cylinder with a periodic array of Fins, Physics of
Fluids, Vol.16, pp.1273-1286.

[15] 2001, Yoon, H.S., Sharp, K.V, Hill, D.F, Adrain, R.J,
Balachandar, S., Ha, M.Y. and Kar, K., “Integrated
Experimental and Computational Approach of Flow in a
Stirred  Tank,” Chemical Engineering Science, Vol.56,
pp.3714-3728.

[16] 2002, Parker, S.J. "Stability and vortex shedding of bluff
body arrays," PhD Thesis, University of lllinois, Urbana, IL.

[17] 2005, Lee, JR. and Ha, M.Y. "A numerical study of
natural convection in a horizontal enclosure with a
conducting body,” International Journal of Heat and Mass
Transfer, Vol.48, pp.3308-3318.

[18] 2006, Lee, J.R. and Ha, M.Y. "Numerical simulation of
natural convection in a horizontal enclosure with a
heat-generating conducting body," International Journal of
Heat and Mass Transfer, Vol.49, pp.2684-2702.

[19] 2007, Lee, J.R, Ha, M.Y. and Balachandar, S., “Natural
convection in a horizontal fluid layer with a periodic array
of internal square cylinders - Need for very large aspect
ratio 2D domains,” International Journal of Heat and Fluid
Flow, Vol.28, pp.978-987.

[20] 1978, Kelly, R.E. and Pal, D., "Thermal convection with
spatially periodic boundary conditions: resonant wavelength
excitation," Journal of Fluid Mechanics, Vol.86, pp.433-456.

[21] 2008, Puigjaner, D., Herrero, J., Sim¢o, C. and Giralt, F,

"Bifurcation analysis of steady Rayleigh - Bénard convection
in a cubical cavity with conducting sidewalls," Journal of
Fluid Mechanics, Vol.598, pp.393-427.

[22] 1986, Bertin, H. and Ozoe, H., "Numerical study of
two-dimensional natural convection in a horizontal fluid
layer heated from below, by finite-element method: influence
of Prandtl number," International Journal of Heat and Mass
Transfer, Vol.29, pp.439-449.

[23] 2004, Lee, J.R, Ha, M.Y., Balachandar, S., Yoon, H.S. and
Lee, S.S., "Natural convection in a horizontal layer of fluid
with a periodic array of square cylinders in the interior,"
Physics of Fluids, Vol.16, pp.1097-1117.

[24] 1995, Ozoe, H. and Hara, T., "Numerical analysis for
oscillatory natural convection of low Prandtl number fluid
heated from below," Numerical Heat Transfer Part A,
Vol.27, pp.307-317.

[25] 2001, Arcidiacono, S., Di Piazza, 1., Ciofalo, M,
“"Low-Prandtl number natural convection in volumetrically

heated rectangular enclosures, 1. Square cavity, AR=1"
International Journal of Heat and Mass Transfer, Vol.44,
pp.537-550.

[26] 1959, Globe, S. and Dropkin, D., "Natural convection heat
transfer in liquids confined by two horizontal plates and
heated from below," Transaction of ASME, Journal of heat
transfer, pp.24-28.



