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Natural convection and conduction in enclosures 
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Abstract-Laminar natural convection and conduction in enclosures having multiple partitions with finite 
thickness and conductivity are studied theoretically. The governing equations are solved using the finite 
difference formulation and volume control method. The study covers Rn from 10’ to lo’, Pr = 0.72 (air), 
aspect ratio A = H/W from 5 to 20, B = w/W from 0.1 to 0.9 and C = l/W from 0.01 to 0.1. The partition 
number N is varied from 1 to 5 and the thermal conductivity ratio of partition to fluid k, from 1 to 104. 

The results are reduced in terms of Nu as a function of Ra and various other parameters. 

INTRODUCTION 

IN MANY practical cases. enclosures with vertical par- 
titiuns are used to modify heat transfer by natural 
convection, conduction or radiation. A literature 
review shows that there have been various theoretical 
and experimental studies on natural convection in 
enclosures with single and multiple diathermal parti- 
tions : (i) studies with a single partition in vertical 
enclosures [ 1,2] and in inclined enclosures [3] and (ii) 
studies with multiple partitions in vertical enclosures 
including double partitions [4] and multiple partitions 
[S, 61. The boundary conditions in these studies con- 
sisted of two isothe~al vertical bounding walls and 
two adiabatic horizontal bounding walls with equally 
spaced partitions. The effect of an off-center partition 
on natural convection heat transfer has also been 
reported by Nishimura et al. [7]. The results of earlier 
studies show that the heat transfer rates through the 
system with partitions decrease with an increasing 
number of partitions. 

Anderson and Bejan [4] studied enclosures with a 
single partition analytically based on the Oseen line- 
arization method. The study was in the boundary 
layer regime and the effect of the conductance through 
the partition was supposed to be negligible. They con- 
firmed their results ex~~mentally using an enclosure 
with a double partition. The experimental results were 
correlated to obtain a relation of heat transfer between 
the two ends. It was proportional to (1 + N) ‘.” where 
N is the number of partitions. Nishimura et al. [6,7] 
used a boundary layer solution and confirmed their 
results experimentally for the case of an enclosure 
with an off-center partition as well as with equally 
spaced multiple partitions. They also extended their 
study to a non-boundary layer regime by a numerical 
study. They showed that the isothermal partition 
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model was not suitable for multiple partitions and 
derived a correlation for heat transfer between the 
two ends. It was proportional to (I +N)- ’ in the 
boundary layer regime where the boundary layer 
thickness is smaller than the half width of each cell. 
Acharya and Tsang [3] studied inclined enclosures 
with a centrally located partition using a finite differ- 
ence procedure. Ghen et al. [8] studied numerically 
inclined partitioned enclosures of solar collectors 
and considered the heat conduction through the 
partitions. The range of Rayleigh numbers inves- 
tigated was up to 5 x 104. 

There are however several practical cases, such as 
composite solar collector systems [9] with several off- 
center partitions having finite thickness and finite con- 
ductivity and operating in both non-boundary layer 
and boundary layer regimes. The magnitudes of the 
ratio of conductivities of practical materials to that of 
air are about 10’ for insulating type of materials, lOi- 
lo2 for glass, various woods, gypsum plates, concrete, 
brick and 103-lo4 for metals. These cases are not 
considered in the literature and it is difficult to infer 
necessary information. 

PROBLElVl DESCRIPTION AND 

~AT~E~A~ICAL MODEL 

The schematic of the system with the coordinates 
and boundary conditions is shown in Fig. 1. The ver- 
tical enclosure with multiple partitions of finite thick- 
ness and conductivity is bounded by two vertical iso- 
thermal walls at temperatures T, and T, and two 
horizontal adiabatic walls. The partitions are off- 
center and have a variable thickness 1 with identical 
conductivities. C, B, N and k, are variable, 

The mathematical model and the computer code 
were developed for a general case to study natural 
convection in cavities, which may be partially divided 
and may contain several walls [lo]. The flow is 
assumed to be steady, Iaminar and two-dimensional. 

2819 



2820 A. KANGNI et ul. 

NOMENCLATURE 

A aspect ratio, H/W M width of the partitioned cavity [m] 

bi, source term in the pressure correction W cavity width [m] 

equation .S,Y Cartesian coordinates [m] 

B dimensionless cavity width, w/W X, Y dimensionless Cartesian coordinates, 

C dimensionless partition thickness, l/W .ul w, y/w. 
c 

9” 

heat capacity [J kg-- ’ K- ‘1 
acceleration due to gravity [m s-- ‘1 

H cavity height [m] 
k thermal conductivity [W m -- ’ K ‘3 

Greek symbols 

k, thermal conductivity ratio, k,/k, 
c( thermal diffusivity of fluid medium 

1 partition thickness [m] 
[m’s ‘1 

N partition number P thermal expansion of fluid [Km- ‘1 

NU Nusselt number, equation (5) 
I- diffusion coefficient 

P pressure [Pa] YI dimensionless thermal efficiency, 

P dimensionless pressure, 
1 - Nu,/Nu,=, 

(P+PsY)l(P(vlw2) 
0 dimensionless temperature, ( T- T,)/AT 

Pr Prandtl number, v/cc I’ dynamic viscosity [kg m ’ s ‘1 
V 

4 heat flux [W m-‘1 
kinematic viscosity [m’s_ ‘1 

Ra Rayleigh number, g/?ATW’/(va) P ff uid density [kg m- ‘I. 

T temperature [K] 
AT temperature difference between outer 

walls, T,- T, [K] Subscripts 

u, v fluid velocity in the x- and y-direction 1 left wall ; cold wall ; left channel 
[ms’] 2 right wall ; warm wall ; right channel 

U, V dimensionless fluid velocities, u W/a, f fluid 
vwja W wall. 
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where I = 1 in the fluid region and 10” in the solid 
region and K = 1 in the fluid region and k, in the 
solid region. I and K are introduced in the discretized 
equations to ensure that the conduction in the par- 
titions is accounted for and that U = V = 0 every- 
where in the solid region including the solid-fluid 
interfaces. 

The boundary conditions for this problem are as 
shown in Fig. 1. In addition, the no-slip conditions 
apply on all the rigid wall surfaces. The numerical 

FIG. 1. Schematic of the problem, coordinate system and 
method used to solve the system of equations (l)-(4) 

definition of geometrical parameters. with these boundary conditions is the simpler method 

U 11. 
The heat transfer from the left and right bounding 

The Boussinesq approximation is used to account for walls is calculated as 
the density variation. The non-dimensional conti- 
nuity, momentum and energy equations are 

[S 

A 
NM = (l/A) 

0 I 
(1) 

(5) 
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VALIDATION OF THE CODE AND 

COMPUTATION 

The computer code is validated with benchmark 
results in the literature and published elsewhere [lo]. 

A uniform grid size was used. After several tries 
and comparisons with the test cases discussed above, 
it was found that depending on the dimensionless 
partition thickness C, a grid size of 24 x 30 to 26 x 30 
ensured independence of solution on the grid size 
with reasonable computation time. For small Ra, the 
number of iterations was about 35. For larger Ra, the 
solution from the smaller Ra was used to initialize the 
computation so the number of iterations was reduced 
considerably. The relaxation parameter was varied 
from 0.80 to 0.70 for small Ra to about 0.40 for 
large Ra. The execution time for a typical case with 
Ra = IO’ and 20 iterations was 12 CPUs on an IBM 
3090. 

The convergence criterion was based on the cor- 
rected pressure field. When the corrected terms were 
small enough so that no difference existed between the 
pressure field before and after correction, the com- 
putation was stopped. Therefore 

103 104 705 106 10’ 

Ra 

FIG. 2. Effect of k, on heat transfer at various Ra. A = 5, 
B = 0.2, C = 0.05 and N = 2. 

Eb, < 0.001. (6) 

In addition to the usual accuracy control, the accu- 
racy of computations was controlled using the energy 
conservation within the system. It was found that it 
was accurate within 0.1% in the worst case. 

the case in consideration. Figure 2 shows that the 
equation of Nishimura et al. in the boundary layer 
regime represents the upper limit with diathermal par- 
titions. For the conductive regime up to Ra = 104, the 
effect of k, is negligible. For Ru > 104, Nu increases 
with increasing k, as expected and it becomes a 
decreasing function of k, when the latter is higher than 
about 20. This unexpected dependence of Nu on k, is 
studied next. 

RESULTS AND DISCUSSION 
Effect of k, on Nu 

Various computations were carried out for C from 
0.01 to 0.1, B from 0.1 to 0.9, N from 1 to 5 and k, 

from 1 to lo4 (with identical k, for all partitions in 
each case and constant kf for air) and Ra from lo3 to 
10’. The fluid was air with Pr = 0.72. The results are 
represented to carry out parametric studies on the 
influence of various dimensionless parameters, 
namely A, B, C, N and k, on Nu at various Ra. First, 
the case with A = 5 and N = 2 will be presented. Then, 
the effects of other parameters on the heat transfer 
will be discussed. 

The variation of Nu with k, with N = 2 for various 
Band Cat Ra = lo6 is shown in Fig. 3 where it is seen 
that Nu passes from a maximum for a given k, and 
for different C. To explain this, the stream function 
and isotherms with B = 0.3, C = 0.05 were plotted at 
Ra = lo6 and for k, = 1, 10 and 1000 (not shown 

CasewithA=5andN=2 
B, C and k, are variables. Nu as a function of Ra is 

presented in Fig. 2 for the case of A = 5, B = 0.2, 
C = 0.05 and for various k,. The relation of Nish- 
imura et al. [6] for the case of diathermal partitions 
is also shown in the same figure for reference. This 
relation was obtained based on a boundary layer 
analysis and on the assumption of some empirical 
vertical temperature profiles of the partition plate and 
of the core region, which was verified with exper- 
iments. In their experimental study they used lop4 m 
thick copper plate and water (Pr = 7) with C of about 
0.005-0.01; k, was about 20. The detailed results with 
C = 0.01 and k, of this study (not shown here) have 
in fact confirmed that this relation renresented well 
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FIG. 3. Effect of k, on heat transfer for various C and B. 
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here). It was seen that Y,,,,, increased with increasing 
k,. and that the reason for the observed phenomenon 
in Fig. 3 was not due to the strength of the convection. 
The heat transfer with k, = 1 and 1000 is dominated 
more by conduction than that with li, = IO. In the 
latter case, the isotherms undulated. which showed 
the effect of convection in the boundary layer regime. 
The temperature profiles at three elevations arc shown 
in Fig. 4. For k, = IO, the existence of the thermal 
boundary layers and the core regions are more visible 
than the other cases. It is also clear that the tcn- 

perature gradients at the end walls and at the partitions 
are higher for the cases of k, = IO in comparison with 
smaller and larger k,. 

This phenomenon was studied for various other 
casts and it was seen that it was only the cast wherever 
the convection heat transfer was a dominant mode. 
For example, with A = 5, C = 0. I, at Ru = IO’ and 

IO” the effect was not observed. The effect was 
observed at Rn = 10’. when ,N > 2, at Ru = IV. when 
N > 3. eLc. To see the reason in more detail. a simpler 
case with N = 1 and A = 5. B = 0.45. C = 0.1 was 
studied. Figure 5 shows the variation of Nu as a func- 
tion of k, from I to 10” at various Ru. A maximum is 

not visible at Ru up 10 10J (conductive regime) and 
NU passes from a maximum at higher Ru. Values of 
k, corresponding to these maximum Nu increase with 
increasing RLI. A comparison of the streamlines for 

various k, showed that the center of the fluid cir- 
culation was shifted slightly upward for li, = IO and 
there was stratification in the left and right cavities. 
The fluid temperature profile was between those for 
li, = 1 and IO’ but close to that of the latter at the 
center and upper parts of the right cavity and those 

at the lower and center parts of the left cavity. 
However, the fluid temperature for k, = 10 was much 
lower than the others in the lower part of the right 
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FIG. 4. Temperature profiles at three elevations (Y) for the 
case of A = 5, B = 0.3, C = 0.05. N = 2 and Ru = IO”. 
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FIG. 5. Heal transfer as a function ofk, at various Rayleiyh 
numbers. A = 5. B = 0.45. C = 0. I and N = 1. 

cavity and much higher at the upper part of the left 
cavity. That means the energy was generally trans- 

ferred more effectively with k, = 10 than that with 1 04. 

.FE;Yects of’ C, B und A on Nu with N = 2 

The effect of the partition thickness, C, with 
k, = 10’ on Nu is presented in Fig. 6 which shows two 
regimes for the influence of C on NM. For low Ra. the 
dominant heat transfer is by conduction, the fluid 
layer occupies less space with increasing C and the 
heat transfer is dominated completely by conduction. 
At high Ru, the dominant heat transfer is by con- 

vection and the effect of the partition thickness is to 
reduce the heat transfer as expected. The effect of the 

partitioned cavity width, B. with C = 0.05 and k, = I. 
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Flc. 6. Effect of C on heat transfer at various Ru. A =: 5. 
B = 0.2, N = 2 and k, = 100. 
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FIG. 7, Effect of B on heat transfer at various k, anu 
A = 5, C = 0.05 and N = 2. 

10, IO3 for Ra = lo5 and lo6 on heat transfer is pre- 
sented in Fig. 7. The value of Nu decreases with 
increasing B, i.e. the off-center partitions are less 
effective in decreasing the heat transfer as reported 
earlier 121. For B = 0.3, the cells are geometrically 
identical and the conduction is dominant. As B 
decreases, one of the cells becomes larger where the 
convection sets in and NU increases. It is also seen that 
the heat transfer is higher with k, = 10 than with 
others for the entire range of B. Figure 8 shows the 
effect of the aspect ratio, A, on the heat transfer at 
Ra = 106. As expected, the heat transfer decreases 
with increasing A for a given k,. It shows also that the 
maximum heat transfer for k, from 10 to 100 in Fig. 
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FIG. 8. Effect of A on heat transfer for various k,. B = 0.1, 
C = 0.05, N = 2 and 106. 

FIG. 9. Heat transfer as a function of Ra for various partition 
Ra 1= numbers. A = 5, C = 0.05 and k, = 10. 

3 may be a phenomenon observed with small aspect 
ratios. 

EfSect of N on the heat transfer 
The heat transfer for N = O-5 is calculated for vari- 

ous k, at Ra from lo4 to 10’ with A = 5, B and C 
variable. The results with k, = 10 and C = 0.05 are 
presented in Fig. 9. The results of Bejan [12] with 
N = 0, i.e. the cavity without a partition, are also 
shown. The largest disagreement at Ra = lo4 is about 
16.5%, which may be acceptable in view of the large 
discrepancies in the literature (see, for example, ref. 
1133). It is seen that at Ra = IO4 the heat transfer is 
mostly by conduction and as the Rayleigh number 
increases, depending on the number of partitions, the 
convection heat transfer becomes evident. For N = 1, 
the dominant heat transfer is by convection at 
Ra > lo4 whereas for N = 5, the heat transfer is by 
conduction up to about Ra = lo6 after that the con- 
vection heat transfer is visible. Between these two 
limiting values of N the threshold Ra for the domi- 
nation of convection heat transfer increases with 
increasing partition number. It can also be noticed 
that the heat transfer decreases with increasing N as 
already established in the literature for diathermal 
multiple partitions [6]. 

The reduction in heat transfer is defined as 

q = 1 -Nu,/Nw,,,. (7) 

Figure 10 shows the efficiency as a function of the 
partition number fork, = 1 and 100, C = 0.05, A = 5 
at Ra = lo6 and 10’. The efficiency is generally an 
increasing function of N and of k, for C = 0.05 where 
the natural convection is a dominant heat transfer 
mode. For C i= 0.1, the results showed (not presented 
here) that the conduction in the partitions and in 
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FIG. 10. Efficiency of partitions as a function of partition 
number and for various k, and Ra. A = 5 and C = 0.05. 
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CONVECTION NATURELLE ET CONDUCTION DANS DES CAVITES AVEC 
PLUSIEURS CLOISONS VERTICALES 

RCumC--On &die th~oriquement la convection naturelie laminaire et la conduction dans des cavites 
ayant plusieurs cloisons a epaisseur finie et conductrices. Les equations sont resolues en utilisant la 
formulation aux differences finies et la methode du volume de contrble. L’etude couvre Ra entre 10’ et 
lo’, Pr = 0,72 (air), rapport de forme A = H./W entre S et 20. B = M./W de 0,l a 0,9 et C = l/W de 0,OI a 
0.1. Le nombre de partitionnement varie de I a 5 et le rapport des conductivites thermiques de la cloison 
et du fluide k, de 1 a 104. Les r&hats sont r&duits en terme de h’u qui est fonction de Ra et des differents 

autrcs param&res. 

NATURLICHE KONVEKTION UND WARMELEITUNG 1N HOHLRAUMEN MIT 
MEHRFACHER SENKRECHTER UNTERTEILUNG 

Z~ammenfassung-Die laminare natiirliche Konvektion und die W~rmeleitung in ~ohlr~ume~ mit 
mehrfachen Unterteilungen cndlicher Dicke und Leitfahigkeit werden theoretisch untersucht. Die grundle- 
genden Erhaltungsgleichungen werden mit Hilfe eines Finite-Differenzen-Verfahrens mit Kontrollvolumina 
gel&t. Die Untersuchung deckt folgende Parameterbereiche ab : IO3 < Ra i 10’ ; Pr = 0.72 (tuft) ; Seiten- 
verhaltnis A = Hi W im Bereich 5-20 ; B = w/W im Bereich von 0, I -0,9 und C = l/W im Bereich von 
0,01-0,1. Die Zahl N der Unterteilungen wird von I-S variiert, das Verhiltnis der W~~eleit~higkeiten 
von Unterteilung und Fluid hegt im Bereich I c: k, i 104. Die Ergebnisse werden als Korrelationsgleichung 

zwischen NW und Ra sowie weiteren Parametern angegeben. 
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ECTECTBEHHAR KOHBEKUHR I4 TEHJIOI-IPOBO~HOCTb B I-IOJIOCTIX C 
MHO)KECTBEHHbIMkl BEPTHKAJIbHbIMH I-IEPErOPOAKAMA 

AnmoTauna-TeoperaVlecgH Hccnenytoxn naMHHapHan emecTBeHHan KOHBCKI~M H nepenara Tenna ren- 
JlOll~BOlUKlCTbIO B IIOJIOCTRX C MHO*WTBeHHblMH Ile~rOpOnKaMH, HMeiOWMH KOfiVIHjW TOJllUHHj’ A 

TelWO~pOBO~HOCTb. YpaBHeHHSl pt%KWTCK MeTOLlOM KOHfYfHblX pa3HOCTd. PaCCMaTpHBaJINCb 9HCJU 

Psnen Ra, mMemmmpzcn OT lo3 110 lo’, Pr = 0,72 (B03nyX), OTHOUIeHUe CTOPOH A = H/W mhfeunocb 
OT 5 !JO 20, B = W/w-T 0, 1 A0 0,9, C = I/W--OT 401 n0 41. %CnO IPZptZOpOnOK N BapbHpOBaJlOCb 

OT 1 n0 $2, OTHOUIeHHe KOZiI$@HI(HeHTOB TClLIIOllpOBO~HOCTH ,,CpCrOpOmH W *HmOCTH kr--OT 1 LIO I@. 

~OJlyWHHblC p3,‘nbTaTbI BbIpiWWiW B BHLIC 3aBHCAM03TH OT Ra A ApyUX IlapaMCTpOB. 
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