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Abstract

Results are presented for laminar forced convection cooling of heat generating blocks mounted on a wall in a parallel plate chan-

nel. The e�ect on heat transfer of insertion of a porous matrix between the blocks is considered. The ¯ow in the porous medium is

modeled using the Brinkman±Forchheimer extended Darcy model. The mass, momentum and energy equations are solved numer-

ically by a control-volume-based procedure. The local Nusselt number at the walls of the blocks, the mean Nusselt numbers and the

maximum temperature in the blocks are examined for a wide range of Darcy number and thermal conductivity ratio. The compu-

tations are ®rst conducted for a single block, then for evenly mounted blocks. The results show that the insertion of a porous ma-

terial between the blocks may enhance the heat transfer rate on the vertical sides of the blocks. Although the porous matrix reduces

the heat transfer coe�cient on the horizontal face, signi®cant increases in the mean Nusselt number (up to 50%) are predicted and

the maximum temperatures within the heated blocks are reduced in comparison with the pure ¯uid case. Ó 1998 Elsevier Science

Inc. All rights reserved.
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Notation

c height of the blocks
C dimensionless height of the blocks �C � c=H�
cf ¯uid speci®c heat
Da Darcy number �Da � K=H 2�
e thickness of the porous matrix
E dimensionless thickness of the porous matrix

�E � e=H�
F Forchheimer coe�cient in Eq. (3)
f(d) function used in the energy equation
h heat transfer coe�cient
H channel height
ke e�ective thermal conductivity
kf thermal conductivity of the ¯uid
ks thermal conductivity of the solid
K permeability of the porous material
l channel length
L dimensionless channel length �L � l=H�
l1 entrance length
L1 dimensionless entrance length �L1 � l1==H�
l2 length after last block
L2 dimensionless length after last block �L2 � l2=H�
Nu local Nusselt number
Nub mean Nusselt number for a block
p pressure

P dimensionless pressure �P � p=qf U 2
0 �

Pr ¯uid Prandtl number �Pr � mf=af�
q heat dissipation per cubic meter �q � Q=cw�
Q heat dissipation per unit length in each block
Re Reynolds number �Re � qf U0H=lf�
Rk thermal conductivity ratio �ks=kf or ke=kf�
s spacing between the blocks
S dimensionless spacing between the blocks �S � s=H�
T 0 temperature
T dimensionless temperature �T � �T 0 ÿ T0=�Q=kf��
T0 inlet temperature
u axial velocity
U dimensionless axial velocity �U � u=U0�
U0 uniform inlet velocity
v transverse velocity
V dimensionless transverse velocity �V � v=U0�
w block width
W dimensionless block width �W � w=H�
x axial coordinate
X dimensionless axial coordinate �X � x=H�
y transverse coordinate
Y dimensionless transverse coordinate �Y � y=H�

Greek
a thermal di�usivity �a � k=qf cf�
e porosity
U general dependant variable
k inertial coe�cient �k � F e=Da1=2�* Corresponding author.
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1. Introduction

As it is known, humidity, dust and vibrations are among
the causes of failure of electronic components, but overheat
is the most important cause. Although the heat dissipated in
many electronic devices is moderate, for example about 100
W for computer CPU's, the overall volumetric heat generation
may be considerable and the power density can reach mega-
watts per cubic meter caused by the compacity of electronic
equipments.

The need for higher speed clocks, for noise reduction (by re-
ducing the use of fans) and the increasing use of Multi-Chip-
Modules (MCM) are as many additional constraints from
the thermal point of view. Thus, the improvement of the heat
removal capacity is a major concern for the designers in order
to keep the operating temperature below an allowable level.

Conventional cooling techniques involving natural or
forced convection heat transfer are frequently employed. How-
ever, these techniques are not su�cient in many situations to
evacuate enough heat. A literature survey shows that a great
amount of work has been done on this topic. A review of the-
oretical and experimental works on the thermal control of elec-
tronic equipment has been made by Peterson and Ortega
(1990). Zebib and Wo (1985) studied a two-dimensional forced
convection air cooling of a single heated block mounted on the
wall of a horizontal channel. In their work on forced convec-
tion of an array of heat generating rectangular blocks, Dava-
lath and Bayazitoglu (1987) showed that the vertical faces
are not e�ciently cooled. Afrid and Zebib (1989, 1991) inves-
tigated numerically a two-dimensional conjugate conduction-
natural convection cooling of mounted blocks on an insulated
vertical plate, and a three-dimensional laminar and turbulent
natural convection cooling of heated blocks. They concluded

in the ®rst paper that increasing the spacing between the heat-
ed blocks led to a better cooling. In the second paper, they
showed that there exists a qualitative similarity of the ¯ow
and thermal ®elds of the laminar and turbulent models. How-
ever, smaller temperatures are obtained with the turbulent
model which is in good agreement with experimental results.
Experimental works were conducted by Ortega and Mo�at
(1985) and Mo�at and Ortega (1986a, b) on free convection
and buoyancy induced forced convection using a system of
ten rows and eight columns of aluminum cubes mounted on
an insulated plate. Anderson and Mo�at (1988) and Mo�at
and Anderson (1988) presented experimental studies on forced
convection cooling with the same geometry as in Ortega and
Mo�at (1985). Keshavarz et al. (1995) studied numerically a
combined free and forced convection laminar ¯ow problem
in a parallel plate channel with surface mounted ribs. They in-
vestigated the e�ect of suction and injection of cold ¯uid
through a small hole pierced after each rib. They concluded
that the local Nusselt numbers on the side walls are higher
than along the top wall at low Reynolds numbers. Composite
¯uid-porous systems have been also studied by several authors.
Partially porous channels or ducts have been considered by
Poulikakos and Kazmierczak (1987) and Chikh et al.
(1995a, b). They showed that the thickness of the porous layer
has a strong e�ect on the heat transfer coe�cient. In their
study, Huang and Vafai (1994) considered a forced convection
problem in an isothermal parallel plate channel with porous
blocks using a vorticity stream function formulation. They
showed that signi®cant heat transfer augmentation can be
achieved through the use of multiple emplaced porous blocks.

The present work deals with the problem of heat transfer
enhancement by forced convection at the vertical walls of heat
generating blocks evenly mounted on the lower plate of a
channel through the insertion of porous materials between
the blocks. A numerical study is carried out using a control
volume method. The ¯ow ®eld is governed by the Navier±
Stokes equations in the ¯uid region, the Darcy±Brinkman±
Forchheimer equation in the porous region, and the thermal
®eld by the energy equation. The heat transfer results are dis-
cussed in terms of Nusselt numbers and maximum tempera-
tures reached within the blocks.

2. Mathematical formulation

The physical domain and coordinate system are shown in
Fig. 1. A two-dimensional, laminar, incompressible, steady
¯ow of a Newtonian ¯uid with constant properties takes place
in both ¯uid and porous regions, bounded by two adiabatic
plates. The ¯uid enters the channel with uniform velocity

l dynamic viscosity
m kinematic viscosity
w stream function
q density

Subscripts
b averaged over the block
e e�ective property of the porous medium
f ¯uid
p porous
s solid
w wall

Superscript
0 dimensional temperature

Fig. 1. Schematic of the physical domain.
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and temperature. The ¯ow is modelled by the Darcy±Brink-
man±Forchheimer equation in the porous matrix in order to
account for inertia and boundary e�ects and by the Navier±
Stokes equations in the ¯uid domain. Evenly spaced solid
blocks, which occupy 25% of the channel height, are mounted
on the lower wall. The heat generation within the blocks is as-
sumed to be constant and uniform. The porous material is as-
sumed to be homogeneous, isotropic and saturated with a
single phase ¯uid that is in local thermal equilibrium with
the solid matrix. The conservation equations for mass, mo-
mentum and energy are written as follows:

Mass:

r �~v � 0: �1�
Momentum:
In the ¯uid region:

~v � r~v � ÿ 1

qf

rp � mfr2~v: �2�
In the porous medium (Vafai and Tien, 1981):

1

e
�~v � r~v� � ÿ 1

qf

rp ÿ mf

K
~vÿ F e

K1=2
j~vj~v� mf

e
r2~v: �3�

Energy:
In the ¯uid region:

qf cf�~v � rT 0� � kfr2T 0: �4�
In the porous medium:

qf cf�~v � rT 0� � ker2T 0: �5�
In the solid blocks:

ksr2T 0 � q � 0: �6�
The governing equations are made dimensionless by adopting
the following nondimensional quantities:

X � x
H
; Y � y

H
; ~V � ~v

U0

; T � T 0 ÿ T0

Q=kf

;

P � P
qf U

2
0

:

The governing equations are then written in compact forms as:
Mass:

r � ~V � 0: �7�
Momentum:

1

e
�~V � r~V � � ÿrP � 1

e Re
r2~V ÿ 1

Re Da
~V ÿ kj~V j~V ; �8�

where k is the inertial coe�cient equal to �F e=Da1=2�. In the
¯uid region, Da is set to in®nity and e to unity in order to
transform Eq. (8) to Navier±Stokes equation. In the blocks,
Da � 0; this yields ~V �~0: We consider highly porous materi-
als, such as foams, with a porosity close to unity.

Energy:

~V � rT � Rk

Re Pr
r2T � f �d�

Re Pr CW
; �9�

where Rk is the thermal conductivity ratio de®ned as:

Rk �

ks=kf in the solid blocks �taken equal to 10 in

the present study�;
1 in the fluid domain;

ke=kf in the fluid saturated porous medium;

8>>><>>>:
f �d� is a function set equal to one to account for heat genera-
tion in the blocks, and to zero elsewhere. A model between the
series and parallel models may be used for the e�ective thermal
conductivity of the porous material. However, in this study we
focus on the magnitude of ke.

The conditions at the channel inlet are uniform velocity and
temperature pro®les. At the exit, the downstream length L2 was
chosen long enough to ensure that the velocity pro®le is fully
developed, and to neglect axial conduction. At the imperme-
able walls, no slip boundary conditions are applied. The top
and bottom walls are considered adiabatic. To handle the
abrupt changes in thermophysical properties within the calcu-
lation domain (solid, porous, ¯uid), the harmonic mean is used
to evaluate the properties at di�erent interfaces.

The relevant dimensionless boundary conditions are:

at X � 0; 0 < Y < 1; U � 1; V � 0; T � 0; �10�

at X � L; 0 < Y < 1;
@U
@X
� 0; V � 0;

@T
@X
� 0; �11�

at Y � 0; 1; 0 < X < L; U � 0; V � 0;
@T
@Y
� 0: �12�

In the above system of equations, the following nondimension-
al parameters emerge:

Da � K
H 2

; Re � qf U0H
lf

; Pr � mf

af

; C � c
H
;

W � w
H
:

3. Numerical procedure

A control volume method was utilized to solve the conser-
vation equations using a pressure±velocity formulation. A
staggered grid was considered such that the velocity compo-
nents are located at the control volume faces whereas pressure
and temperature are located at the centers of control volumes
as suggested by Patankar (1980). The sudden change in the dif-
fusion coe�cients (viscosity or thermal conductivity) was han-
dled by use of the harmonic mean to ensure conservation and
uniqueness of mass and heat ¯uxes at each control volume
face.

The SIMPLE algorithm was adopted to solve for the ¯ow
®eld. The algebraic equations were solved using a line by line
technique, combining between the tridiagonal matrix algo-
rithm and the Gauss±Seidel method. Because of the nonlinear-
ities in the momentum equations, the velocity components
were under-relaxed. The convergence of computations was as-
sumed to be achieved when the equation of continuity was sat-
is®ed to three signi®cant digits and when the residual (absolute
value of relative error in velocity components at each grid
point) was found to be less than 10ÿ5.

A nonuniform grid with a large concentration of nodes
close to the walls and blocks was employed. A 100� 50 mesh
was chosen, with a ®ner grid near the solid boundaries. The ef-
fect of the grid size on the average Nusselt number for each
block is shown in Table 1. The results are shown to di�er only
by 1.2% for the case Re � 1000, Da � 10ÿ3 and ke=kf � 100.
Therefore, the 100� 50 grid used appears to be su�ciently ®ne
to provide accurate results for engineering purposes.

To validate the computer code, comparisons with the pub-
lished results of Davalath and Bayazitoglu (1987) were made.
The average Nusselt number over each block was computed
with our code by setting Da!1, for Re � 100 and 1000
using a parabolic inlet velocity pro®le. Fig. 2 shows a good
agreement between the two studies. The small di�erences
(about 6% at Re � 1000 for the ®rst block) are mainly due
to the upwind scheme used by Davalath and Bayazitoglu
(1987) which causes a false di�usion, especially at the leading
edge and the trailing edge of the ®rst and last blocks respective-
ly. It is worth noting that a developing velocity pro®le yields
slightly higher local Nusselt numbers on the frontal face of
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the ®rst block due to a greater cross-stream velocity compo-
nent, in comparison with a fully developed parabolic velocity
pro®le. However, the di�erences do not exceed 5%.

4. Results and discussion

Due to the great number of parameters, few of them were
kept constant. All the computations were conducted for air
(Pr � 0.7), a porosity e � 1 and a thermal conductivity ratio
of the blocks ks=kf � 10 which is a representative value for
semi-conductors. Block dimensions and spacing were:
C � 0:25, W � 0:5, S � 1, L1 � 1 and L2 � 20.

In the ®rst part, the analysis is carried out for the case of a
single block mounted in the channel. The e�ects of an inserted
porous matrix (with E � 0:25) on the Nusselt number and tem-
perature are analyzed.

The local Nusselt number along the surface of the blocks is
de®ned as in Davalath and Bayazitoglu (1987):

Nu � hH
kf

� ÿRk@T=@njw
Tw

; �13�
n being the unit normal to the interface between the block and
the ¯uid, and Tw the wall temperature. It should be pointed out
that the mean temperature of the ¯uid does not appear because
it was assumed to be too small in comparison with the wall
temperature, due to heat generation in the blocks.

The mean Nusselt number for a block is evaluated as fol-
lows:

Nub � 1

A

Z
A

Nu dA; �14�

where A is the surface area of the block exposed to the ¯uid.
Fig. 3 shows the local Nusselt number distribution on the

di�erent walls for highly conducting (ke=kf � 100) and for

low conducting (ke=kf � 1) porous materials with a dimension-
less height E � 0:25, and for the case without porous medium.
On the side walls (Fig. 3(a) and (c)), the porous matrix consti-
tutes a resistance to the ¯ow. Therefore, the convection heat
transfer is reduced along the side walls. However, if the e�ec-
tive thermal conductivity of the porous material is high enough
the conductive heat transfer is increased and the total heat
transfer is higher than for the ¯uid case at both frontal and
rear vertical faces. On the other hand, the presence of the po-
rous matrix reduces the heat transfer coe�cient on the top wall
in comparison with the ¯uid case whatever the value of the ef-
fective thermal conductivity, as illustrated in Fig. 3(b).

The temperature ®eld inside the solid block is presented in
Fig. 4 for ke=kf � 100, Da � 10ÿ2 and 10ÿ5. For this case of a
highly conducting porous material, it is shown that the heat
transfer is enhanced in comparison with the ¯uid case. A
56% reduction in the maximum temperature at the block is ob-
tained for the more permeable and conducting case
�Da � 10ÿ2; ke=kf � 100�. Moreover, it is observed that the re-
gion in which the temperatures are the highest moves toward
the center of the block. This is due to a better cooling of the
side walls.

In what follows, three blocks are considered. The stream-
lines are ®rst presented in Fig. 5 for di�erent permeabilities

Fig. 3. Local Nusselt number on the three walls of the block for

Re � 750, E � 0.25 and k � 0:35.

Table 1

E�ect of the mesh size on average Nusselt number for Re � 1000, Da

� 10ÿ3, k � 0:35, Pr � 0.7 and ke/kf � 100

Number of nodes Average Nusselt number (Nub)

First

block

Second

block

Third

block

100 ´ 50 929.83 183.28 169.47

160 ´ 58 929.60 184.15 168.91

200 ´ 100 931.77 182.66 167.35

Maximum relative error (%) 0.2 0.8 1.2

Fig. 2. Comparisons of mean Nusselt numbers with previously

published results.
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of the porous material which occupies 25% of the channel
height (E�C). As Da decreases, the recirculation zone in front
of the ®rst block tends to disappear and the vortex after the
last block decreases in length. The axial velocity pro®le be-
tween the ®rst two blocks is shown in Fig. 6. It may be noticed
that the velocity magnitude in the porous region is much lower
than in the plain zone. The local Nusselt number distributions
at the walls of the three blocks are presented in Fig. 7 for
E� 0.25, Da � 10ÿ5 and ke=kf � 100. As in the case of a single
block, it was found that the heat transfer on the side walls is
augmented by the porous matrix while the local Nusselt num-
ber is reduced on the horizontal faces. It can also be seen that
Nu is higher at the frontal vertical face of the ®rst block (AB)
and decreases for the next two blocks (EF, IJ), since the ¯uid is
heated when it ¯ows through the channel.

Due to the ¯uid motion in the reversed ¯ow regions, the
frontal side of a block is cooled before the rear side of the pre-

vious block: EF is cooled before CD and IJ is cooled before
GH. This ¯ow reversal explains that the Nusselt number is
the highest for the side wall KL because there is no heat

Fig. 5. Streamlines for Re � 1000 and E � 0.25.

Fig. 4. Dimensionless temperature contours within the block for

Re � 750 and E � 0.25.

Fig. 6. Axial velocity pro®les between two blocks for Re � 1000,

Da � 10ÿ5, E � 0.25 and k � 0:35.
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generating block behind this wall. Fig. 8 shows that the inser-
tion of a porous material between the blocks lead to an in-
crease in the total heat transfer rate at the three blocks. The
isotherms within the third block are presented in Fig. 9. This
block remains the least cooled one when the Darcy number
is increased from the solid case (Da� 0) to the ¯uid case
(Da!1). It can be seen that the ¯uid case (Fig. 9(d)) is less

e�cient since the maximum temperature reached in the block
is the highest. It is also shown that the ¯uid motion in a porous
material of highly e�ective thermal conductivity (Fig. 9(b) and
(c)) enhances the heat transfer rate in comparison with the two
limiting cases of pure conduction (Fig. 9(a)) and ¯uid convec-
tion with ¯ow reversal (Fig. 9(d)).

The e�ects of the thermal conductivity ratio on the Nusselt
number and temperature ®elds are presented in Figs. 10 and
11. As expected, the Nusselt number is increased (Fig. 10) with
the e�ective thermal conductivity of the porous medium and a
sharp increase is shown for moderate values of the conductiv-
ity ratio due to the ¯ow resistance caused by the porous medi-
um. In addition, Fig. 11 shows that the maximum temperature
in the last block may be reduced by up to 34% in comparison
with the pure ¯uid case. The e�ect of the dimensionless height
of the porous material (E) on the mean Nusselt number for
each of the blocks is presented in Fig. 12 for ke=kf � 100 and
Da � 10ÿ5. For this case of highly conducting material, the
presence of the porous matrix enhances the heat transfer for

Fig. 7. Local Nusselt number on the walls of the three blocks for

Re � 1000, Da � 10ÿ5, k � 0:35, E � 0.25 and ke/kf � 100.

Fig. 8. Mean Nusselt number on each block as a function of Da for

Re � 1000, E � 0.25, k � 0:35 and ke/kf � 100.

Fig. 9. Dimensionless temperature contours within the last block for

Re � 1000, E � 0.25 and k � 0:35.
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the three blocks and the thicker is the porous layer, the higher
is the mean Nusselt number. However, the variations of the
maximum temperature in the last block as a function of the po-
rous height for various conductivity ratios (Fig. 13) show an
opposite e�ect for small thermal conductivity ratios. For
ke=kf � 1, the porous layer can be considered as a resistance
to the ¯ow which has the e�ect of reducing the heat transfer.
Therefore, an increase in E produces higher temperatures in
the block. If the porous material has a moderate thermal con-
ductivity (ke=kf � 5), an optimal thickness exists at which the
maximum temperature reaches a minimum value. Further in-
creases in E cause a decrease in the ¯ow rate inside the porous
material and the augmentation of conductive heat transfer
does not compensate the reduction in convective heat transfer.
For highly conducting porous matrix (ke=kf � 100), an increase
in the porous material thickness systematically produces a de-
crease in Tmax since the conductive heat transfer predominates.

5. Conclusion

A numerical study of laminar forced convection cooling
of heat generating blocks evenly mounted in a parallel plate
channel was carried out. It is shown that the side walls of
the blocks are not well cooled when using conventional tech-

Fig. 12. Mean Nusselt number for each of the three blocks as a func-

tion of the dimensionless thickness of the porous insertion for Re

� 1000, Da � 10ÿ3, k � 0:35 and ke/kf � 100.

Fig. 13. Maximum dimensionless temperature in the last block as a

function of the dimensionless thickness of the porous insertion for

Re � 1000, Da � 10ÿ3 and k � 0:35.

Fig. 10. Mean Nusselt number at each block versus ke/kf for

Re � 1000, Da � 10ÿ3, E� 0.25 and k � 0:35.

Fig. 11. Dimensionless temperature contours within the last block

versus ke/kf for Re � 1000, Da � 10ÿ3, E � 0.25 and k � 0:35.
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niques due to ¯ow recirculations. Insertion of porous materials
between the blocks produces an enhancement of the cooling of
the blocks provided that the e�ective thermal conductivity of
the porous medium is much higher than the ¯uid conductivity.
The maximum temperature inside the block decreases all the
more since the permeability of the porous medium is low.
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