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Abstract—A numerical study is presented for natural convection in a two-dimensional, partially-divided,
rectangular enclosure in which two side walls were maintained at uniform heat flux condition and the top
and bottom walls were insulated. The modified Rayleigh number ranging from 10* to 10, the opening
ratios of 0, 1/4, 1/8 and 1/2, and the conductivity ratios 0.02, 1 and 50 were investigated for an enclosure
aspect ratio (length/height) of 2, partition ratio of 1/2 and Prandtl number of 7 (for water). Results show
that the hot fluid flowed to the other side of the enclosure mainly through the bottom of the partition
when there was no opening in the partition, and a weak circulation zone was present in the upper and left
quadrant. With an opening in the partition, most of the fluid flowed to the other side through the opening
and the circulation zone in the upper and left quadrant was reduced in size or disappeared. The effect of
partition conductivity on the heat transfer rate was found rather small and could be neglected. Correlation
of the average Nusselt number in terms of the modified Rayleigh number and the opening ratio was
obtained and discussed. Results also show that an unopened partial obstruction would reduce the heat
transfer rate by 12-44% depending on the modified Rayleigh number.

1. INTRODUCTION

NATURAL convective motion in simple enclosures with
differentially heated vertical walls has received con-
siderable attention in the past, due to its important
applications relating to the solar collector design,
cooling of electronic components, fire spread and
energy transfer in rooms and buildings, cooling of
nuclear reactors and the growth of single crystals from
crucible melts. Comprehensive reviews on the heat
transfer pertaining to the enclosures have been sum-
marized recently in refs. [1-4].

On many occasions, natural convection in complex
enclosures, such as a partial obstruction extending
downward from the ceiling or upward from the floor,
is also important. This geometry corresponds to a
printed circuit board in an electronic cabinet, or a
ceiling beam in a room, and has received attention
recently ; see refs. [5-15]. It was found that a weak
circulation zone in the upper quadrant near the hot
wall [10, 11] or a weak circulation zone in the lower
quadrant near the cold wall [12] was responsible for
reducing the heat transfer across the enclosure. The
experimental study by Chen et al. [16] showed that if
there was a slot or an opening in the partition plate
the weak recirculation zone disappeared and the heat
transfer rate increased with increasing opening size.
However, the work described by Chen et al. [16] was
mainly for an ‘isothermal wall’ condition and a non-
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conducting partition plate. In addition, it has been
argued that in many situations the ‘uniform heat flux’
condition on the two side walls is a more appropriate
model for the enclosure convection ; see Kimura and
Bejan [17].

The objective of this study is to document the natu-
ral convective flow and heat transfer characteristics in
a two-dimensional rectangular enclosure both with
and without an opening in the partition plate under
isoflux condition on the two side walls. The numerical
simulation was carried out for an enclosure with an
aspect ratio of 4 = L/H = 2 and a partition ratio of
A, = h/H = 1/2 with water (Pr =7) as the working
fluid. Effects of the opening size, the modified Ray-
leigh number and the conductivity ratio on the flow
and heat transfer behaviours are examined and dis-
cussed.

2. GOVERNING EQUATIONS AND SOLUTION
PROCEDURES

Consider a two-dimensional rectangular enclosure
filled with fluid, such as is shown in Fig. 1. The uni-
form heat flux is specified along the two side walls, and
the top and bottom walls are insulated. The partition
plate, with a height A= H/2 and a thickness
w = 0.01H, is placed in the middle of the top wall and
protrudes downward into the enclosure. The opening
with size s is located in the middle of the partition
plate. Employing the Boussinesq approximation, the
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NOMENCLATURE
A aspect ratio, L/H Ty local temperature of hot wall
A, opening ratio, s/H u horizontal velocity component
A, partition ratio, A/ H U non-dimensional horizontal velocity
g gravitational acceleration component, uH/a
H enclosure height, see Fig. 1 v vertical velocity component
h height of partition plate, see Fig. 1 vV non-dimensional vertical velocity
k; thermal conductivity of the fluid component, vHjx
k, thermal conductivity of the partition X horizontal coordinate
plate X non-dimensional horizontal coordinate,
k. conductivity ratio, k,/k; x/H
L enclosure length, see Fig. 1 y vertical coordinate
Nu  average Nusselt number defined in Y non-dimensional vertical coordinate,
equation (9) y/H.
Nu, local Nusselt number defined in equation
8) Greek symbols
P non-dimensional pressure, o thermal diffusivity of the fluid
(p—p)/(pa*/H?) B thermal expansion coefficient of the fluid
4 local fluid pressure A difference
Pr Prandtl number of the fluid, v/a 0 non-dimensional temperature difference,
P ambient pressure (T—T,)/(qH[ky)
q uniform wall heat flux on the side wall u dynamic viscosity of the fluid
Ra  Rayleigh number, gB(T, — T.) H?/(v&) v kinematic viscosity of the fluid, p/p
Ra* modified Rayleigh number, gfgH */(vak;) P fluid density.
s opening size, see Fig. 1
T temperature Subscript
T, local temperature of cold wall o0 ambient condition.

non-dimensional equations describing the steady and
laminar flow are
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FiG. 1. Partially divided enclosure with an opening in the
partition plate and isoflux condition on the side walls.
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The temperature distribution inside the plate is given
by
2%6 + 0’0 0 5)
ox* oy (

The boundary conditions along the four walls are

X=0: U=V=0, ;g/——l (6a)
X=1: U=V=0, g;———l (6b)
Y=0: U=V=0, g—g,=0 (6¢)
Y=1: U=V=0, %:0. (6d)

The no-slip conditions are also satisfied on the
partition plate, and the energy balance at the fluid—
partition interface requires

o6 00
( B %kuid = (_ kr &>pﬂrlilion (7)

where nis a unit vector normal to the interface surface.
In this study the enclosure aspect ratio 4(=2), the
partition ratio A,(=1/2), the partition width
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w/H(=0.01) and the Prandtl number Pr(=7) were
kept constant. Numerical simulations were carried
out for the modified Rayleigh number (Ra*) ranging
from 10* to 10, the opening ratios (4, = s/h) of 0,
1/8, 1/4 and 1/2, and the conductivity ratios
(k. = ky/ks) 0f 0.02, 1 and 50.

Equations (1)—(7) were solved by a control volume
based finite difference formulation and by the SIM-
PLE calculation procedures, as described in detail
by Patankar [18] and Le Quere et al. [19]. Detailed
descriptions on the grid system and validation tests
for the present study are given in ref. [20]. Conse-
quently, only brief remarks are summarized below.

A non-uniform grid system was employed in the
calculation domain. The grid system was, respectively,
57x36, 57x44, 57x47 and 57x50 for opening
ratios (4,) of 0, 1/8, 1/4 and 1/2. Checks were made
by comparing the results from a 57 x 36 grid system
with those from a 81 x 60 grid system, and agreements
were very satisfactory. The presence of the partition
plate in the calculation domain was accounted for
by the strategy suggested by Patankar [21], in which
equations (1)—(7) were solved for the entire domain
and the partition plate was characterized by a region
of very high viscosity (say, v= 103" m? s~ ') and a
dimensionless partition conductivity k,. The con-
vergence criterion for each control volume was that
the maximum residual of the mass, momentum and
energy was less than 3.5 x 1075,

Prior to the calculations, checks were conducted to
validate the calculation procedures by reference to the
flow generated by differentially heating the side walls
of a simple rectangular enclosure while keeping the
top and bottom walls adiabatic. The results were in
very good agreement with the benchmark solution of
de Vahl Davis [22]. The accuracy of the calculation
was also checked for an enclosure convection with

an opening in the partition plate under differently
uniform temperatures on the two side walls. The
results, together with the measurement data of Chen
et al. [16], are presented in Figs. 2 and 3, respectively,
for the velocity and temperature profiles at various
x-planes. It is seen that calculations predicted the
thermal and fluid behaviours very well. For the present
study, the computation time was approximately
2000-6000 s on a CDC CYBER 170/815 when
Ra* = 10%-10°%, and was about 7000-9000 s when
Ra* = 10"-10%.

3. RESULTS AND DISCUSSIONS

3.1. Velocity and temperature fields

Figure 4 shows the vector velocity field and the
isotherms for Ra* = 104, 10° and 10® at k, = | and
A, = 0 (no opening). It is seen from Fig. 4(a) that
there is a clockwise recirculation zone in each half of
the enclosure for Ra* = 10%, and the isotherms shown
are nearly conduction like. Because the boundary
layer has not developed at Ra* = 10*, so the fluid
along the hot wall does not separate from the side
wall and there appears no entrapment of the hot fluid.
However, as Ra* increases as shown in Figs. 4(b) and
(c), the fluid along the hot wall separates at a height
y/H = 0.5, while some fluid is trapped in the weak
circulation zone in the upper and left quadrant. The
separated fluid flows almost horizontally and turns
around the bottom of the partition. It then flows along
the partition plate to the top wall, makes a turn along
the cold and bottom walls, and recirculates back to
the hot wall. The flow patterns depicted for Ra* = 10°
and 10® are basically the same as those observed by
Nansteel and Greif {10, 11]. It is also shown in Figs.
4(b) and (c) that as Ra* increases, thermal boundary
layers develop along the side walls and the thermal
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F1G. 3. Comparison of temperature profiles ; ——, calculation; &, from ref. [16].

field away from the solid boundaries is essentially
stratified. Because the conductivity ratio &, is equal to
unity (i.e. k; = k,,, so the isotherms cross the partition
plate smoothly.

The velocity vector field and the isotherms for
A, = 1/8, 1/4 and 1/2 are shown in Figs. 5(a)—(c) for
Ra* = 10* and k, = 1. It is seen that with an opening
in the partition plate, most of the hot fluid in the left

quadrant flows through the opening; the remainder
flows towards the bottom of the partition and makes
a turn there. There still exists a clockwise circulation
cell in each half of the enclosure, but its size is reduced.
In addition, the isotherms (say, 8 = 0.0) elongate to
the right-hand half of the enclosure and the heat trans-
fer between the two halfs would be more effective.
Figure 6 shows the velocity field and the isotherms for
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F1G. 4. Velocity vector field and isotherms for different Ra* at 4, = 0 and &4, = 1.
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A, =1/8, 1/4 and 1/2 at Ra* = 10® and k, = 1. It is
seen that at higher Ra* the circulation cell in the
upper and left quadrant disappeared, and the fluid
recirculated back mainly along the thin layers adjacent
to the cold and bottom walls. These flow patterns are
similar to the visualization results of ref. [16]. The
isotherms (Figs. 5(a)—(c)) show clearly that the ther-
mal field is essentially stratified with the thin boundary
layers along the two side walls. That is, convection is
the dominant heat transfer mechanism at high Ra*.

The effect of the thermal conductivity of the par-
tition plate on the thermal field is illustrated in Fig. 7
for three sets of conductivity ratios at Ra* = 10" and
A, = 1/8. Tt is seen that for the case of an adiabatic
partition (say, k&, = 0.02) some of the isotherms can-
not reach out to the other side of the partition plate;
but otherwise there does not seem to be any appreci-
able difference in the isotherm patterns. It was found
numerically [20] that the effect of the partition con-
ductivity was small and decreased as the opening ratio
A, increased.
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FiG. 7. Isotherms for different k, at Ra* = 107 and 4, = 1/8.
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The vertical velocity profiles at the partition plane
where x/H = 1.0 are shown in Figs. 8(a)-(d) for vari-
ous Ra* and A, at k, = 1. It is seen that the hot fluid
flows to the right-hand side of the enclosure mainly
through the bottom of the partition when 4, = 0 (no
opening), but mainly through the opening when
A, > 0. The peak velocity of the right-moving flow is
below the bottom of the partition when 4, = 0 and is
in the middle of the opening when 4, > 0. However,
the opening seems to have little effect on the velocity
profiles of the left-moving flow near the bottom walls.
Because convection is dominant at high Ra*, so there
appears a left-moving, boundary-type flow along the
bottom wall for 4, > 1/4 and Ra* = 10%.

3.2. Local Nusselt number distributions
The local Nusselt number on the side walls is
defined by

H
Nu a

"= k(T T ®

where T, and T, are, respectively, the temperatures of
the hot (where x/H = 0) and cold (where x/H = 2)
walls at location y. Since 8 = (T—T,)/(qH/k:), it
follows that

1
Nu,

b= 0,20, )

That is, Nu, is inversely proportional to the wall tem-
perature difference at height y. The results of local
Nusselt number distributions are shown in Figs. 9(a)—
(d) for 10* < Ra* < 10%and 4, =0, 1/4, 1/8 and 1/2.
It is seen that for all opening ratios Nu, increases
with increasing Ra*. When the modified Rayleigh
numbser is small (say, Ra* = 10*), local Nusselt num-
ber is nearly constant. When A, = 0, the maximum
value of MNu, is at y/H =0.33 ~ 0.4 depending on
Ra*; and Nu, at y/H =0 is greater than that at
y/H = 1 and is especially noticeable when Ra* > 10°.

With an opening in the partition plate as shown in
Figs. 9(b)—(d), Nu, distributions appear as parabolic
lines with the maximum values at y/H = 0.5 ~ 0.57.
However, at high Ra*, the value of Nu, in the middle
portion changes little. For example, Nu, ~ 22 for
0.3 ~ y/H ~ 0.7 when Ra* = 108 and 4, = 1/2 (Fig.
9(d)).

3.3. Average Nusselt number Nu
The average Nusselt number is determined by

H 1
q Hdy
=1 = Y.
Nu J; T.-T. L Nu,d

kl’
The results of the calculated Nu for 10* < Ra* < 103,
A,=0,1/8, 1/4 and 1/2, and &k, = 0.02, 1 and 50 are
listed in Table 1. It is seen from Table 1 that Nu
increases with increasing Ra* and A4,. Although Nu
also increases with increasing k., the effect is rather
small as compared to the variation of k.. For example,
at Ra* = 10° and 4, = 1/8, Nu is equal to 7.90 for

(10
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Table 1. Values of averaged Nusselt number, Nu
Kl’
A,=0 A, =1/8 A, =1/4 A, =12
Ra* 0.02 1 50 0.02 1 50 0.02 1 50 0.02 1 50
10° 1.4 1.44 1.48 1.52 1.57 1.61 1.66 1.68 1.69 1.83 1.88 1.90
10° 3.59 3.97 3.97 3.90 3.99 4.03 4.49 4.70 4.76 5.12 5.31 5.51
10° 6.72 7.32 7.49 7.75 7.90 8.00 8.51 8.60 8.66 9.15 9.20 9.25
107 1043 11.62 12.04 13.59 13.60 13.68 14.00 14.02 14.06 1424 1430 14.31
10* 1390 1590 16.73 18.65 18.87 18.96 19.00 19.12 19.18 19.50 19.55 19.58
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k. = 1.0, but is equal to 7.75 for k£, = 0.02 (adiabatic
partition) and 8.0 for &, = 50 (conducting partition) ;
the variation is within +2% of the value of Nu at
k. =1 while for a 50 times variation of k,. The neg-
ligible effect of &, within the range of 0.02 < &k, < 50
may be due to the fact that the partition thickness
ratio is very small (w/H = 0.01) in this work.

Correlation of Nu as a function of Ra* and A4, based
on the values of Nu at k, = 1 is given by

Nu=0.176Ra**>*(1— 4,)"*3  (11)

for 107 < Ra* < 10%, 0< 4, <1/2, 0.02<k, <50
and Pr = 7. The above equation is shown as the solid
lines in Fig. 10 for four different values of A,. The
r.m.s. deviation between the correlation equation and
the calculated data is within 22%. It is obvious that
the effect of k, on Nu is negligible as compared with
the scatter of the data. The dashed line in Fig. 10 is the
correlation equation for a non-partitioned enclosure
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(A4, = 0) obtained in this study and is given by
Nu = 0.49Ra*"21* (12)

for 10* < Ra* < 10%, A = 2 and Pr = 7.1t is seen that
an unopened partial obstruction would reduce the
heat transfer rate by an amount of 12-44% depending
on Ra*.

4. SUMMARY

A numerical study is presented for natural con-
vection in a two-dimensional, partially-divided, rec-
tangular enclosure in which two side walls were main-
tained at uniform heat flux condition and the top and
bottom walls were insulated. Results show that an
unopened partial obstruction would reduce the heat
transfer rate by an amount of 12-44% depending on
Ra*. An opening in the partition plate would increase
the heat transfer rate by allowing the flow of the
entrapped hot fluid (that would exist in an unopened,
partially-divided, enclosure) through the opening. For
the range studied in this work, the effect of partition
conductivity on the heat transfer rate was rather small
and could be neglected. A correlation of the Nusselt
number is given which shows that the heat transfer
rate increases with increasing modified Rayleigh num-
ber and opening ratio. It should be noticed that the
effects of 4, and the partition width on the thermal
and fluid characteristics need further study.
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CONVECTION NATURELLE DANS UNE ENCEINTE RECTANGULAIRE
PARTIELLEMENT DIVISEE AVEC UNE OUVERTURE DANS LA PLAQUE DE PARTITION
ET LES PAROIS LATERALES ISOFLUX

Résumé—On présente une étude numérique de la convection naturelle dans une enceinte bidimensionnelle,
rectangulaire, partiellement divisée dans laquelle deux parois latérales sont soumises 4 une condition de
flux uniforme et les parois supérieure et inférieure sont isolées. Le nombre de Rayleigh modifié varie de
10%4 108; les rapports d’ouverture 0, 1/4, 1/8 et 1,2 et les rapports de conductivité 0,02, 1 et 50 sont choisis
pour un rapport de forme (longueur/hauteur) de 2, un rapport de partition de 1/2 et un nombre de Prandtl
de 7 (eau). Les résultats montrent que le fluide chaud se déplace vers I'autre c6té de la cavité, principalement
par le bas de la partition quand il n’y a pas d’ouverture dans la cloison, et une zone de faible circulation
est présente dans le quadrant supérieur gauche. Avec une ouverture dans la partition, la plupart du fluide
s’écoule vers I'autre coté a travers 'ouverture et la zone de circulation dans le cadrant supérieur gauche
est réduite en taille ou disparait. L'effet de la conductivité de la partition sur le transiert de chaleur est
plutot faible et il peut étre négligé. On obtient et discute une formule du nombre de Nusseit moyen en
fonction du nombre de Rayleigh modifi¢ et du rapport d"ouverture. Les résultats montrent aussi qu'une
obstruction partielle peut réduire le transfert de chaleur de 12-44% selon le nombre de Rayleigh modifié.

NATURLICHE KONVEKTION IN EINEM PARTIELL UNTERTEILTEN
RECHTECKIGEN HOHLRAUM MIT EINER OFFNUNG DER TRENNWAND UND
GLEICHMASSIG BEHEIZTEN SEITENWANDEN

Zusammenfassung—Die natiirliche Konvektion in einem zweidimensionalen partiell unterteilten recht-
eckigen Hohlraum, bei dem zwei Seitenwinde gleichformig beheizt werden wihrend die obere und untere
Deckfldche adiabat sind, wird numerisch untersucht. Die modifizierte Rayleigh-Zahl liegt zwischen 10*
und 10%, die Offnungsverhiltnisse betragen 0; 1/4; 1/8 und 1/2, die Leitfahigkeitsverhdltnisse 0,02; 1 und
50 wahrend das Seitenverhéltnis (Ldnge/Ho6he) 2, das Fldachenverhdltnis der Unterteilung 1/2 und die
Prandtl-Zahl 7 (Wasser) betrigt. Die Ergebnisse zeigen, dall das heiBe Fluid vornehmlich durch den unteren
Teil der Trennwand auf die andere Seite des Hohlraums strémt, wenn keine Offnung in der Trennwand
ist. Im oberen linken Quadranten ergibt sich eine schwache Zirkulationszone. Befindet sich eine Offnung
in der Trennwand, so strémt das meiste Fluid durch diese Offnung auf die andere Seite und die
Zirkulationszone im oberen linken Quadranten verkleinert sich oder verschwindet ginzlich. Der EinfluB
der Warmeleitfahigkeit der Trennwand auf den Wirmeiibergang erweist sich als vernachlissigbar klein.
Es wird eine Korrelationsgleichung fiir die mittlere Nusselt-Zahl in Abhéingigkeit von der modifizierten
Rayleigh-Zahl und vom Offnungsverhéltnis ermittelt und diskutiert. Die Ergebnisse zeigen, daB eine nicht-
gedffnete partielle Trennwand den Wirmeiibergang um 12-44% reduziert—ije nach Hohe der modifizierten
Rayleigh-Zahl.

ECTECTBEHHASI KOHBEKLIMA B YACTUYHO INEPETOPOXEHHOH
MIPAMOYT'OJIBHON TOJIOCTU C OTBEPCTHUEM B PA3JESAIONEN IJIACTUHE U
U3OTEPMHYECKHMH BOKOBbIMH CTEHKAMH

Amsoramus—YHCICHHO HCCIIEAYETCH €CTCCTBEHHAS KOHBEKIHSA B IByMEPHOR YaCTHIHO NeperopoxeHHoH
NpSAMOYTOJIbHOM NOJIOCTH, HAa GOKOBBIX CTEHKaX KOTOPOH NOANepXHMBAcTCE ONHOPOLHBIN TeIIOBOK
NOTOK, 4 BEPXHHE H HHXKHHUE CTEHKH H30JHpOBaHHL. MccieioBaHNs MPOBOARIACK Ui MOARGHIHMpPOBaH-
Horo 4Hcia Pajness, H3amerstowerocs B guanasone 10*-10%, orrowenns orsepcrnfl, cocrasiszoumx 0,
1/4, 1/8, u 1/2, a Takke ANR OTHOLIEHH TeIUronposonHocTeit, pasHoro 0,02; 1 B 50 # OTHOINCHAN JUTHHEI
HOJIOCTH K BBICOTE, COCTABJAIOLICTO 2, OTHOLICHAS Pa3MEpOB NEPEropojkH, paBHOro 1/2, 3HaucHHA
uyucna Ilpannrias, passoro 7 (Boda). Pe3yibraThi MOKa3bIBAIOT, YTO HATPETAs XHAKOCTh HMEPETEKACT K
OPOTHBONOJIOKHON CTOPOHE MOJNOCTH B OCHOBHOM 4tpe3 HHXHIOIO HaCTh HEPEropoikH B Ciydae
OTCYTCTBHSA B Hell OTBEPCTHH | YTO B BEPXHEM JICBOM KBaJIPAHTE CYLIECTBYET 30Ra CJIabol LEpKy JISIHH,
INpu Hannyal OTBEPCTHS B Meperopogke Goliblllag 4ACTh KAAKOCTA NEpeTEKacT X NMPOTHBONOIOXHON
CTOpOHE TIOJIOCTH 4Yepe3 HEro, a LPKYJIMIHOHHAA 30HA B BEPXHEM JICBOM KBaJpaHTC YMCHRLIIACTCA B
pasmepe u uceesaer. Haltnerno, 4To BImSHME TEIUIONPOBOJHOCTH NEPErOPOAKA Ha MHTEHCHBHOCTH Tem-
JIONEPEHOCa AOCTaTOYHO MaJio M MOXKET He YYHMTHhIBaThCA. BmiBogurTcs H obcyxnmaerca o6obiuenHoe
COOTHOLIEHHE Ui cpeanero uucia Hyccenbra, BRIpaxkenHoe Yepe3 MOMMGHNEPOBAHHOE MHCIO Panes u
OTHOILIEHHe Pa3MepoB oTsepcTri. [TosydeHHBIE Pe3YNbTATH TaKXKe MOKA3LIBAIOT, YTO YaCTHIHAsA Nepe-
roposka 6e3 OTBEPCTHH NPHBOAMT K CHHXEHHIO HHTEHCHBHOCTH TelUlonepeHoca Ha 12-44% B 3aBHCH-
MOCTH OT 3Ha4eHHs MoXH(HIAPOBaHHOrO Yyncna Panes.



