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Natural Convection in Rectangular Layered Porous Cavities

J.C. Leong*and F. C. Lai'
University of Oklahoma, Norman, Oklahoma 73019

A numerical study was performed to further investigate the flow and temperature fields in layered porous cavity.
The cavities considered have an aspect ratio of either 0.2 (shallow cavities) or 5 (tall cavities) with two or four
sublayers. Similar to the case of square cavities, convection is always initiated in the more permeable sublayer.
As the base Rayleigh number increases, the strength of the convective cell increases and leads to flow penetration
to the less permeable sublayer. The results obtained were used to evaluate the validity of the boundary-layer
assumption employed by other investigators. In addition, they were used to examine the feasibility of extending the
lumped-system analysis from square cavities to rectangular ones. The averaging schemes in defining the effective
permeability, as suggested in the previous study for a square cavity, were tested.

Nomenclature
A = aspectratio, H/L
Cp = heat capacity, J/kg-K
g = gravitational acceleration, m/s’
H = height of cavity, m
H, = location of the interface of horizontal sublayers, m
K = permeability, m>
K, = effective permeability of horizontal layers, m?
Ky = effective permeability of vertical layers, m?
K = permeability ratio, K,/ K,
k = effective thermal conductivity of porous medium,
Wim-K
L = width of cavity, m
L, = location of the interface of vertical sublayers, m
N = nodal number of the layer interface
Nu = average Nusselt number, 1L /k
4 = pressure, Pa
Ra, = base Rayleigh number, K,g8(T;, —T.)L/av
T = temperature, K
u,v = Darcy velocity in the x and y directions, m/s
X,Y = dimensionless Cartesian coordinates, x/L, y/H
x,y = Cartesian coordinates, m
o = effective thermal diffusivity of porous medium,
k/(pcp)r, m?/s
B = thermal expansion coefficient, (—1/p)(dp/0T),, K™!
6 = dimensionless temperature, (T — T1,)/(T,, — T,)
I = dynamic viscosity of fluid, kg/m - s
v = kinematic viscosity of fluid, m?/s
0 = fluid density, kg/m?
g = dimensionless stream function
Subscripts
c = cold wall
f = fluid
h = hot wall
i

= index of sublayer (1,2, ...)
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Introduction

EAT transfer in porous media has many important applica-

tions in engineering. As a result, extensive research has been
conducted in the past three decades. However, most previous studies
have focused on homogenous porous media, whereas layered porous
media, although encountered more frequently in applications, have
received rather little attention. For stability analysis, Masuoka et al.!
made the first study on the onset of thermal convection in a two-layer
porous system. Their work was later extended by McKibbin and
O’Sullivan® to multilayer systems. Rees and Riley? further extended
the classical stability problem into a three-dimensional domain. For
heat-transfer analysis, Donaldson* reported the first numerical re-
sult of heat convection in a multilayer system. This was followed
by Rana et al.’ in numerical simulation of a geothermal reservoir
using a layered porous model. Their results compared favorably
with the field data obtained. For horizontal layers, heat-transfer re-
sults have been presented by McKibbin® as well as McKibbin and
Tyvand.”® For vertical layers, Poulikakos and Bejan® as well as Lai
and Kulacki'® have studied the effects of permeability contrast and
thermal conductivity ratio on natural convection in two- or three-
layer porous systems. For layered porous annuli, Muralidhar et al.!!
have presented both experimental and numerical results. Pan and
Lai'? later refined the work of Muralidhar et al.!! and were able to
explain the discrepancy found between the numerical and experi-
mental results reported by Muralidhar et al.!!

Based on the boundary-layer approximation, Rees'> has recently
performed an analytical study on natural convection from a heated
surface in a semi-infinite porous medium. Although some interest-
ing results were brought out from this study, it is noticed that the
results have serious limitations in application because of the as-
sumption made. To have a valid boundary-layer assumption in the
previous analysis, the Rayleigh number involved has to be very large
(Ra > 1), and the permeability ratio is greater than unity. For appli-
cations involving an intermediate Rayleigh number, the boundary-
layer assumption might not be satisfied. Also, the permeability ratio
between two neighboring sublayers can be greater or less than unity.
Because of these constraints, the previous results have rather limited
applications. With the relaxation of the boundary-layer assump-
tions made in the previous study,'® the present numerical results
can be more useful for engineers. In addition, the present study
examines the feasibility of extending the lumped-system analysis
for heat transfer in layered porous media, as proposed by Leong
and Lai," from square cavities to rectangular ones. The proposed
lumped-system analysis uses an effective permeability to represent
a layered porous medium and treats the medium as if it were ho-
mogeneous. Clearly, if the proposed approach proves applicable, it
can significantly reduce the computational effort when dealing with
heat transfer in layered porous media. The averaging schemes that
they proposed in defining the effective permeability are tested in
the present study. To validate the lumped-system model, the present
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results are also compared with those obtained from homogeneous
systems.

Formulation

The cavity considered is either tall (A =35) or shallow (A =0.2),
as shown in Fig. 1. The aspect ratios chosen for the cavity best
present the geometry considered. The cavity consists of two or four
sublayers of equal thickness but with distinct permeabilities. For
the four-layer case, the permeabilities of these sublayers are alter-
nating among the sublayers (i.e., K; = K3 and K, = K,). Layered
porous cavities with alternating permeability represent the most fun-
damental system in nonhomogeneous porous media, and the results
obtained from this system can later be generalized to more com-
plicated systems as demonstrated by McKibbin and Tyvand.”® The
sublayers are assumed saturated with the same fluid. The cavity walls
are impermeable. The top and bottom walls are insulated while the
vertical walls are differentially heated at constant temperatures 7,
and 7, (T;, > T,). The governing equations based on Darcy’s law are
given by Leong and Lai'*:

ou;  Iv;
“i %Yy (1)
ox ay
K; dp;
w=——t2 @)
n ox
K; (dp;
v; :——(— +p,~g> 3)
n\ 9y
9%; + oT; 1, + o1 4)
Ui— +vi—=0o;| — + —
ox dy dx? dy?

In addition to the boundary conditions, interface conditions are re-
quired for the solution of the flow and temperature fields in the
cavity. The interface conditions imposed are the continuity of mass,
pressure, temperature, and heat flux across the interface. McKibbin
and O’ Sullivan? as well as Rana et al.> have justified the use of these
conditions. For brevity, the boundary and interface conditions are
presented here only for a two-layer cavity, but can be extended to a
four-layer case in a similar fashion.
1) Vertical sublayers:

x=0, u; =0, T'=T, (52)

x=1L,

L=T. (5b)

x=1Ly, Uy =1uy, P1=D2
aT, a7,
T =T, ki—=k— (5¢)
0x 0x
oT
y=0, x <L, v =0, 1o
dy
oT
x>L, v, =0, 2=0  (5d)
dy
oT,
y=H, x <Ly, v =0, —=
dy
oT-
x>1L,, v, =0, 229 (5e)
dy
2) Horizontal sublayers:
x =0, y<H1, M]—O, T =T,
y>H, uy =0, =T, (6a)
x=1L, y<Hj, u; =0, T, =T,
y>H, uy =0, I,=T. (6b)
oT
y=0, v =0, —L=o0 (6¢)
dy
oT-
y=H, v, =0, —2=0 (6d)
dy
y=H, v =2, Pr=DP2
oT aT-
=T  k——=k—— (6e)
dy dy

Equations (1-6) can be simplified by introducing the stream func-
tion. In dimensionless form, they are given by

9y, N 1 92y, R 30; N
_ = —Rra
X2 A2 3Y? "ax
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Fig. 1 Layered porous cavities with four sublayers subject to differential heating from vertical walls: a) shallow cavities (A =0.2) and b) tall cavities

A=5).
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where

ki K; T, —T,)L
o =— Ra; = M 9)
(pcp)f a;V;

Because the porous layers are saturated with the same fluid (thus,
v; =, and o) = ), the ratio of Rayleigh numbers can be obtained
as

Ral _ Kl

= 10
Ra2 Kz ( )

For the convenience of discussion and reference, Ra;, which is based
on the properties of the first sublayer, is named the base Rayleigh
number.

The corresponding boundary and interface conditions are ex-
pressed next:

1) Vertical sublayers:

X =0, W, =0, 0, =1 (11a)
X=1, U, =0, 6, =0 (11b)
L AW, K W
x=b oy o%y, W _Kaih
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The interface conditions have been implemented using imaginary
nodal points as described by Rana et al.> The equations for the
interface stream function and dimensionless temperature are given
next:

1) Vertical sublayers:

] A2 K A
N':—~—\IJN71' _N—\I,NJrl'
-] A2+1K+1 -] A2+1K+1 oJ
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2) Horizontal sublayers:
oo K L,
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A? . 1
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3 2

where K = K, /K, is the permeability ratio.

The governing equations with the boundary and interface condi-
tions were solved using a finite difference method. This method has
been successfully employed by the authors for similar studies.'®*
Uniform grids (201 x 41 for A=0.2 and 41 x 201 for A =5) with
under- and overrelaxation are used for most of the calculations to
ensure the efficiency and accuracy of the numerical results. For
the case of K,/K,=0.01, finer grids (301 x 61 for A=0.2, and
301 x 1501 for A =5) are normally required. Note that further re-
finement of the grid does not significantly improve the results. For
example, the change in the average Nusselt number is less than 0.5%
when the grids change from 201 x 41 to 401 x 81 for shallow cav-
ities (A =0.2) and 41 x 201 to 81 x 401 for tall cavities (A =5) at
Ra; =100. An overall energy balance has been performed in each
calculation to further evaluate the accuracy of the results obtained.
For the present study, the results are satisfied within 3% (most are
within 1%). The overall heat transfer is expressed in terms of the
average Nusselt number at each vertical wall as given by

— 1 [ a6
Nu=—— | —
AJ, ax

Results and Discussions

dy (15)

X=0,1

For natural convection in a homogeneous porous cavity, the flow
development with increase in the Rayleigh number has been classi-
fied by Prasad and Kulacki'® into four regimes: conduction, asymp-
totic flow, pseudo boundary-layer flow, and boundary-layer flow.
Although the conduction regime is characterized by a moderate
circulatory parallel flow structure and a temperature profile linearly
distributed in the x direction, the asymptotic flow regime is identified
by a gradual temperature stratification in the core region and an in-
crease in heat transfer by convection near the walls. Further increase
in the Rayleigh number leads to the boundary-layer flow regime. The
distinction between the pseudo boundary-layer and boundary-layer
flow regimes is the contribution of heat transfer by conduction in
the core region. For the former case, conduction in the core region
is not negligible at high Rayleigh numbers even though the heat
transfer is mainly by convection through boundary layers along the
walls. Also, in the boundary-layer flow regime heat-transfer results
in terms of the Nusselt number become almost independent of the
aspect ratio. These classifications are very useful for the discussion
that follows.

Layered Tall Cavities

From the results obtained, it is observed that convection always
starts in the more permeable sublayer(s) and penetrates the less per-
meable sublayer(s) as the base Rayleigh number increases (Figs. 2
and 3). The Rayleigh numbers in the figures are chosen to best
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Fig. 2 Flowfields in a tall porous cavity with two sublayers (AW =2
for K1/K> <1 and AW =0.2 for K1/K» > 1).
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Fig. 3 Flowfields in a tall porous cavity with four sublayers: a) ver-
tical sublayers and b) horizontal sublayers (AW =2 for K;/K; <1 and
AW =0.2 for K;/K; > 1, except AW =0.05 for K;/K; >1 and Ra; =10 in
Fig. 3a).

present the transition of heat-transfer regimes and flow structures.
The dotted lines in the figures show the location of sublayer inter-
face. For tall cavities with vertical sublayers (Fig. 2), the presence of
boundary layers can be clearly observed through the close packing
of streamlines. Boundary layers develop not only along the vertical
walls but also along the layer interfaces. This is most obvious when
the sublayers have a large permeability contrast and are at a high
Rayleigh number.

Also noticed is that, for a given base Rayleigh number, the
strength of convective cell decreases with the sublayer permeabil-
ity ratio. For cavities with two sublayers, there is only one con-
vective cell. However, two secondary cells appear in cavities with
four sublayers when the permeability contrast is large (e.g., for
K,/K;=0.01 and 100 at Ra; = 100). Clearly, these two secondary
cells are split from the primary cell as a result of the presence of
the less permeable sublayer in between. For cavities with four sub-
layers (Fig. 3), it is interesting to observe that the flow direction in
the sandwiched less permeable sublayer is nearly horizontal while
it is mainly vertical in other sublayers (e.g., for K;/K, =0.01).
When generalized to a multilayer porous medium, this implies that
the satisfaction of boundary-layer approximation in one sublayer
(locally) does not always guarantee the satisfaction of that approx-

imation in all sublayers (globally). This can also be observed from
the result presented by Rees'* in which the streamline pattern in
a multiply layered medium clearly shows a contradiction to the
boundary-layer assumption (in which the horizontal velocity com-
ponent is not negligibly small when compared to the vertical velocity
component).

For tall cavities with horizontal sublayers (Figs. 2b and 3b), the
flow pattern in the more permeable sublayer(s) resembles that in
a homogeneous cavity with an aspect ratio of 2.5 (for two sub-
layers) and 1.25 (for four sublayers). Recall that Ra,(= Ray) =
Ra,(K,/K,). For K|/K;, < 1, the corresponding Rayleigh number
for the more permeable sublayer(s) is actually higher than the base
Rayleigh number such that the flow in these sublayer(s) is mainly in
the boundary-layer regime (according to the classification of Prasad
and Kulacki'®). In contrast, the flow in the more permeable sub-
layer(s) of cavities with K /K, > 1 is in the asymptotic flow regime
at most. For cavities with four sublayers, the flow patterns in the
more permeable sublayers, although similar, are not exactly iden-
tical. This is attributed to the difference in the thermal boundary
conditions. For K /K, < 1, the lower cell is subject to an insulated
boundary while the upper cell is not. The situation is just reversed for
K,/K, > 1. Because of the nature of buoyancy, flow penetration is
minimum for sublayers with K, /K, = 0.01. The strength of convec-
tive cells in tall cavities with horizontal sublayers (Figs. 2b and 3b)
is found to be greater than those with vertical sublayers (Figs. 2a and
3a). This has led to a conclusion that maximum convection occurs
in a sublayer for which its aspect ratio is close to unity. A simi-
lar conclusion has been drawn by Prasad and Kulacki'® for natural
convection in homogeneous porous cavities.

For cavities with horizontal sublayers, energy transfer from the
hot wall to the cold wall takes place simultaneously through each
sublayer (i.e., in a parallel fashion) with most of the contribution
being by convection through the more permeable sublayer(s). This
is different from cavities with vertical sublayers where energy must
transfer through each sublayer in sequence. For this reason, the
strength of convective cells in the cavities with horizontal sublayers
is greater than that in the cavities with vertical sublayers. Conse-
quently, it is expected that heat transfer from cavities with horizontal
sublayers is higher than those with vertical sublayers.

Because conduction is characterized by uniform distributed
isotherms, the heat-transfer mode in each sublayer can be easily
identified from the isotherm pattern in a given cavity (Figs. 4 and 5).
For K,/K, < 1, convection always prevails in the more permeable
sublayer(s), whereas conduction is the initial mode of heat transfer in
the less permeable sublayer and gradually evolves to convection as
the base Rayleigh number increases. Also, thermal stratification is
commonly found in the more permeable sublayer for K;/K, <1
(e.g., Ki/K>,=0.01 in Figs. 4b and 5b). However, thermal

Ki/Kz 0.01 0.1 10 100
10 50 100 10 50 100
/

Fig. 4 Temperature fields in a tall porous cavity with two sublayers:
a) vertical sublayers and b) horizontal sublayers (A6 >0.1).
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Fig. 5 Temperature fields in a tall porous cavity with four sublayers:
a) vertical sublayers and b) horizontal sublayers (A6 =0.1).
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stratification is better maintained in the cavities with horizontal sub-
layers than those with vertical sublayers. From the isotherm patterns,
itis easy to identify that the convective flow in cavities of K, /K, < 1
is mostly in the boundary-layer flow regime (which is characterized
by a nonuniform, nonlinear isotherm pattern and a large tempera-
ture gradient at wall) while it is in the conduction and asymptotic
flow regimes for cavities of K, /K, > 1. For tall cavities with ver-
tical sublayers and a small permeability ratio (Fig. 4), the thermal
boundary layer can be clearly observed to develop along the walls.
However, this characteristic does not extend too far into other sub-
layers, which makes the boundary-layer assumption not uniformly
valid. Also noticed is that thermal stratification is better developed
in sublayers with a smaller permeability ratio. For a large permeabil-
ity ratio, the almost evenly distributed isotherms indicate that heat
transfer is mainly by conduction. Convection is further suppressed
by an increase in the number of sublayers. For tall cavities with hor-
izontal sublayers (Fig. 5b), isotherms indicate that convection is the
primary heat-transfer mode for K;/K, < 1. For cavities with two
sublayers and a large permeability ratio, heat transfer is dominated
by convection through the more permeable sublayer and conduction
through the less permeable sublayer. With an increase in the number
of sublayers, heat transfer is increased by weak convection in the
sandwiched less permeable sublayer as evident from the isotherm
patterns (Fig. 5b).

Layered Shallow Cavities

For shallow cavities with vertical sublayers, convection also starts
from the more permeable sublayer(s) and penetrates the less perme-
able sublayer(s) when the base Rayleigh number increases (Figs. 6
and 7). It is recognized that the flow pattern in the more permeable
sublayer(s) bears some similarities to that in a homogeneous cav-
ity with an aspect ratio of 0.4 (for two sublayers) and 0.8 (for 4
sublayers).'> Also noticed is that convection is slightly suppressed
by an increase in the number of sublayers. For K, /K, < 1, the flow
development can be clearly observed from conduction, asymptotic
flow, and pseudo boundary-layer to boundary-layer flow regimes as
the base Rayleigh number increases (Figs. 6a and 7a). Because con-
vection is very weak in cavities of K /K, > 1, heat transfer remains
mostly in the conduction regime. As a result, the strength and pat-
tern of the convective cells are about the same, but flow penetration
is only visible for K, /K, = 10.

For shallow cavities with horizontal sublayers (Figs. 6b and 7b),
the development of boundary-layer flow is mainly along the hori-
zontal wall and the layer interface. In the case of two sublayers, the
flow patterns in the more permeable sublayer resemble those in a ho-
mogeneous cavity with an aspect ration of 0.1 (Ref. 15), particularly
for those at K;/K, =0.01 and 100. For K,/K; > 1, the convective
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Fig. 6 Flowfields in a shallow porous cavity with two sublayers: a) ver-
tical sublayers and b) horizontal sublayers (AW =0.25 for K{/K; <1,
except AW =0.1 for K;/K; =0.1 and Ra; =10 in Fig. 6b, AW =0.025 for
K1/K> =10, and AW =0.005 for K;/K; =100).
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Fig. 7 Flowfields in a shallow porous cavity with four sublayers: a) ver-
tical sublayers and b) horizontal sublayers (AW =0.25 for K{/K> <1,
except AW =0.1 for K;/K; =0.1 and Ra; =10 in Fig. 7b, AW =(0.025 for
K1/K; =10, and AW =0.005 for K1/K, =100).
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Fig. 8 Temperature fields in a shallow porous cavity with two sublay-
ers: a) vertical sublayers and b) horizontal sublayers (A8 =0.1).

flow is rather weak and is generally in the horizontal direction ex-
cept in the vicinity of the vertical walls. Clearly, this falls into the
category of the conduction regime. For K, /K, < 1, convection is
mainly confined in the lower (more permeable) sublayer (Fig. 6b).
Two secondary cells appear in the lower sublayer for K, /K, =0.01
and Ra > 50. This is consistent with the results reported by Prasad
and Kulacki.'> They have shown that multicellular flow is only pos-
sible for a shallow cavity (A < 1), and its occurrence depends on
the Rayleigh number and the aspect ratio of the cavity. For shallow
cavities with four horizontal sublayers (Fig. 7b), the flow pattern is
a stretch of that of two sublayers (Fig. 6b) with vertical flow in the
sandwiched less permeable sublayer to bridge the convective cell in
two more permeable sublayers.

From the isotherm patterns (Figs. 8 and 9), it is easy to recognize
that conduction is the primary heat-transfer mode for cavities of
K, /K, > 1. Especially for K;/K, =100, the less permeable sub-
layer behaves like an impermeable partition that significantly sup-
presses convection. For K, /K, < 1, convection is always dominant
in the more permeable sublayer(s) (Fig. 8), and a transition of the
heat-transfer mode from conduction to convection is observed in the
less permeable sublayer as the Rayleigh number increases.

For shallow cavities with horizontal sublayers, convection is in-
significant, and conduction again is the dominant heat-transfer mode
for cavities of K|/K, > 1. Because of conduction, the temperature
profiles do not differ much from one case to the other (Fig. 9), that
is, regardless of the permeability ratio and number of sublayers (as
compared to Fig. 8). On the other hand, for cavities of K;/K, <1,
from the isotherm patterns (particularly for K,/ K, =0.01) a tran-
sition of flow in the more permeable sublayer from conduction to
the pseudo boundary-layer regime can be clearly seen when the
Rayleigh number increases (Figs. 8b and 9b). As the base Rayleigh
number increases, the temperature field in the lower sublayer tends
to stratify (Fig. 8b). Although heat transfer by convection increases
through the boundary-layer flow, conduction through the core region
is also important. As a result, only a horizontal thermal boundary
layer is visible along the bottom wall.
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Fig. 9 Temperature fields in a shallow porous cavity with four sublay-
ers: a) vertical sublayers and b) horizontal sublayers (A8 =0.1).

Heat-Transfer Results

For heat-transfer results, it is found that the average Nusselt num-
ber for K,/K, <1 is always greater than that of a homogeneous
layer, while it is always less than that of a homogeneous layer for
K,/K;, > 1. This is consistent with the results reported by Lai and
Kulacki'® as well as Leong and Lai.'* Also found is that the average
Nusselt number for a shallow cavity of K,/K, > 1 is almost con-
stant, regardless of the sublayer orientation, number of sublayers,
and their permeability ratio. The reason is that the heat transfer in
these cases is predominantly by conduction.

To correlate the heat-transfer data for natural convection in lay-
ered porous cavities, it has been reported by Leong and Lai'* that
the use of effective permeability produces very nice results. Accord-
ing to their proposal, the heat-transfer results for natural convection
in a layered porous cavity can be predicted with reasonably good
accuracy using the correlation for a homogeneous cavity if the per-
meability of the homogeneous cavity is replaced by the effective
permeability of the layered cavity. The effective permeability of
a layered cavity depends on the layer structure. For a cavity with
vertical sublayers, its effective permeability is given by'*

1/Ky=5(01/Ki +1/K2) (16a)
For a cavity with horizontal sublayers, it is given by'*
Ky=(Ki+K2)/2 (16b)

Clearly, the preceding formulations are based on a concept similar to
thermal resistance. Because the resistance to convective heat trans-
fer is inversely proportional to the sublayer permeability, Eq. (16a)
represents a thermal circuit in series, whereas Eq. (16b) represents
a thermal circuit in parallel.

The heat-transfer results are shown in Figs. 10 (tall cavities) and
11 (shallow cavities) as a function of the effective Rayleigh number.
For comparison, the results for a homogeneous cavity are also in-
cluded (as solid lines) in the figures. It is found that the heat-transfer
results for cavities with various layered structures fall nicely on the
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Fig. 10 Heat-transfer results for a tall porous cavity (A =5): a) vertical
sublayers and b) horizontal sublayers.

20

o two sublayers
e four sublayers
= homogeneous cavity

Nuaee 10

LA L B e .5

a) Raa

20

o two sublayers
e four sublayers
— homogeneous cavity

«
L

Nu,,. 10 f=-e-en ,

0 o : o I HIEH
10° 10' 102 10° 10*
b) Ray

i

Fig. 11 Heat-transfer results for a shallow porous cavity (4 =0.2):
a) vertical sublayers and b) horizontal sublayers.

curve given by a homogeneous cavity. This implies that the effective
permeability model proposed by Leong and Lai'* is applicable to
cavities with a large range of aspect ratios. For tall cavities (Fig. 10),
the maximum difference between the lumped-system prediction and
that of homogeneous case is less than 15%, although it can be as high
as 40% for shallow cavities (Fig. 11). Although the latter might seem
a little bit high, this only occurs at a high Rayleigh number (>500).
From Figs. 10 and 11, one can clearly observe that the lumped-
system predicts a lower bound for shallow cavities with vertical
sublayers and an upper bound for those with horizontal sublayers.
For many applications where a quick estimate of heat transfer from a
layered porous system is needed, the lumped-system approach will
remain useful.

Conclusions

Natural convection in rectangular, layered porous cavities has
been numerically examined in this study as an extension to several
earlier studies.”!%1>1* Although most fluid flow and heat-transfer
phenomena observed here are similar to those reported in a square
layered cavity, the additional dimension considered in the present
study provides us an opportunity to closely examine the transition
of flow regime and heat-transfer mechanism when the governing
parameters change. Particularly, without resorting to the boundary-
layer approximation, the present results are believed to be less re-
stricted than the results reported earlier. In addition, the present
study has further examined the lumped-system approach used in
the prediction of heat transfer from layered porous cavities. The re-
sults have confirmed that the lumped-system approach is generally
applicable to porous cavities with any aspect ratio. Particularly, the
lumped-system approach (when used with an appropriate effective
permeability) works well with the tall cavities where the heat flow
direction in each sublayer is mainly one dimensional and parallel
to that of the primary temperature gradient. However, this approach
is less successful when it is applied to a shallow cavity subject to a
high Rayleigh number (>500). The reason for its poor performance
is because the heat flow direction in each sublayer might no longer
be one dimensional. The “leakage” of heat flow from an individual
sublayer leads to a substantial deviation from the thermal circuit
model on which the lumped system was based. Nevertheless the
lumped-system approach will remain useful in applications. It pre-
dicts a lower bound for shallow cavities with vertical sublayers and
an upper bound for those with horizontal sublayers, which should
be valuable for engineers in the field.
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