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Mixed Convection Cooling of Heat Sources Mounted
with Porous Blocks

P. C. Huang,∗ C. F. Yang,† and S. Y. Chang†

National Taipei University of Technology, Taipei 106, Taiwan, Republic of China

A numerical study is performed to analyze laminar mixed convection in a parallel-plate vertical channel with
discrete strip heat sources on one channel wall. The effect on heat transfer of a porous block mounted above each
heat source is considered. The Brinkman–Forchheimer–Extended Darcy model with the Boussinesq approximation
is used to characterize the flowfield inside the porous region. Solution of the coupled governing equations for the
porous/fluid composite system is obtained by utilizing a control volume method through the use of a stream function–
vorticity approach. The characteristics of fluid flow and mixed convection heat transfer have been obtained by
the examination of various governing parameters such as the Darcy number, Reynolds number, inertia parameter,
Grashof number, conductivity ratio, and geometric parameter. The results indicate that the size and strength of
recirculating flow induced by the porous block make significant changes in the cooling of strip heater, especially
at both trailing and leading edges of heaters. In addition, it is shown that specific choices in porous block shape,
permeability, and thermal conductivity can produce profound effects on the flow and heat transfer characteristics.

Nomenclature
Da = Darcy number, K /R2

F = function used in expressing inertia terms
Gr f = Grashof number, gβq ′′ R4/k f ν

2
f

Greff = modified Grashof number, gβq ′′K R2/keffν
2
eff

g = gravitational acceleration, m2/s
H = height of porous block, m
h = convective heat transfer coefficient, W/m2 · K
K = permeability of the porous medium, m2

k = thermal conductivity, W/m K
L = length of the channel, as shown in Fig. 1, m
Li = length of plate upstream from the heat-source array, m
Lo = length of plate downstream from the heat-source

array, m
Nu = Nusselt number, hx/k f

Num = average Nusselt number over one heat source
P = pressure, Pa
Pi = pressure at channel inlet, Pa
Pe = Peclet number, uav R/α
Pr = Prandtl number, ν/α
q ′′ = uniform heat flux from each heat source, W/m2

R = height of channel, m
Re = Reynolds number, uav R/ν
S = spacing between heat sources or porous blocks
T = temperature, K
Ti = uniform inlet temperature, K
u = x-component velocity, m/s
V = velocity vector, m/s
v = y-component velocity, m/s
W = width of heat source or porous block, m
x = horizontal coordinate, m
y = vertical coordinate, m
α = thermal diffusivity, m2/s
αeff = effective thermal diffusivity, keff/ρ f cp, f , m2/s
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β = thermal expansion coefficient of fluid, K−1

ε = porosity of the porous medium
� = inertial parameter, F Lε/

√
K

λ = thermal conductivity ratio, keff/k f

µ = dynamic viscosity, kg/m · s
ν = kinematic viscosity, m2/s
ξ = vorticity
ϕ = stream function

Subscripts

av = average
eff = effective
f = fluid
I = interface
i = inlet
P = porous
x = local
w = wall
o = outlet

Superscript

* = dimensionless quantity

Introduction

T HERMAL control of electronic equipment and devices has re-
ceived considerable attention by investigators in the past few

decades. A primary requirement in the thermal control of the elec-
tronic components is to maintain the temperature of the electronic
component equal to or below a maximum operation temperature.
For reliable operation, different high-effective cooling techniques1

have been used to obtain a well-controlled thermal environment,
including the traditional methods of natural and forced convective
cooling. One of the promising techniques is the application of a
porous material due to its large fluid contact surface area per unit
volume and the enhanced flow mixing caused by the tortuous path
of the porous matrix in the thermal dispersion process.

Thermal convection in fluid-saturated porous media has been of
continuing interest because of its relevance in a broad range of en-
gineering applications such as thermal insulation, heat exchanger,
geothermal energy systems, enhanced oil recovery, heat pipe tech-
nology, industrial furnace, cooling of electronic equipment, etc. A
comprehensive review of the existing studies on these topics can be
found in Ref. 2.
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For the problem of mixed convection in a vertical channel or an-
nuli fully packed with a porous material, Koh and Colony3 modeled
the microstructures of integrated circuits as a vertical channel filled
with porous media to investigate the heat transfer by using Darcy’s
law. Tien and Kuo4 simulated the same cooling system based on
the modified Darcy’s equation to demonstrate the significance of
no-slip boundary conditions. Kuo and Lu5 solved fully developed
laminar mixed convection problems with different kinds of thermal
boundary conditions. Hadim6 reported on mixed convection in a
vertical porous channel maintained at uniform wall temperature to
explore the evolution of mixed convection in the entrance region
using a Brinkman–Forchheimer–extended Darcy model. Numeri-
cal and experimental studies of mixed convection in vertical porous
annuli were conducted by Reda7 and Choi et al.8

Among these studies, the heat transfer of a vertical fully/partially
porous channel with discrete heat sources was of special interest
because of its applications for the cooling of electronics. Lai et al.9

numerically analyzed mixed convection in a vertical porous layer
with a finite wall heat source using Darcy’s law. They found that a
recirculatory secondary flow exists in the channel. For a favorable
flow, the heat transfer rate increases monotonically with the in-
creasing velocity, and for the opposing flow with increasing Peclet
number, the heat transfer rate first decreases and reaches a mini-
mum before starting to increase again. Hadim and Chen10 solved
the problem of buoyancy-assisted mixed convection in a vertical
porous channel with discrete heat sources on one wall. Their results
indicate that, as the Darcy number is decreased, the location of flow
separation from the cold wall did not change, whereas reattachment
moved farther downstream. The heat transfer rate increased with
decreasing Darcy number, and the effect of Darcy number is more
pronounced over the first heat source. Most of these studies are re-
lated to the aspect of mixed convection over the full porous system,
however, the problem of combining forced and free convection in a
fluid/porous composite system and the different thermal properties
among the composite systems has been discussed to some extent.

This paper presents a numerical study of mixed convection in
a parallel-plate vertical channel with discrete heat sources flush
mounted on a wall. The porous block attached over each heat source
is considered as an effective heat sink for thermal management of
electronic devices. In this work, the basic interaction phenomena be-
tween the porous substrate and the fluid region for these fluid/porous
composite systems as well as the methodology for enhancing the
heat transfer rate along the heat source have been analyzed. Fur-
thermore, the influences of various parameters governing the hydro-
dynamic and thermal characteristics of the problem are examined
to establish the fundamental effects and provide practical results.
It is shown that specific choices of descriptive parameters can ex-
ert a significant influence on the flow and thermal characteristics.
For example, choosing a particular porous block shape in combina-
tion with an appropriate thermal conduction and permeability can
improve heat transfer in a local region.

Mathematical Formulation
The configuration for the problem under investigation is shown

in Fig. 1a. It includes the flow through a vertical parallel-plate chan-
nel with discrete heat sources on the right plate. The channel has a
height R and length L . The heat sources of equal length are placed
at equal interval S, and the first one is located at a distance Li from
the channel entrance. Every heat source dissipates an equal and uni-
form heat flux q ′′ over its length W . The porous block, with height
H and width W , mounted on each heat source is used as heat sink.
The flow is assumed to be steady, incompressible, and two dimen-
sional. The porous medium is completely saturated with the fluid
and is considered to be isotropic, homogeneous, and in local thermal
equilibrium. The thermophysical properties of both the fluid and the
porous medium are assumed constant except for the fluid density
in the buoyancy term of the momentum equation. Possible channel-
ing near the wall is neglected in the present study because fibrous
media are considered for which the porosity and permeability are
relatively constant even close to the wall.11 Radiation has also been
neglected, and therefore, the study results are applicable for mod-

erate temperature differences. In this work, the flow is modeled by
the Darcy–Brinkman–Forchheimer equation in the porous matrix to
incorporate the viscous and inertial effects (see Ref. 12), by Navier–
Stokes equation in the fluid domain, and by the energy equation in
the thermal field. Based on the Boussinesq approximation and con-
stant thermal dispersion (incorporated in the effective thermal con-
ductivity), an efficient alternative method combining the two sets of
conservation equations for the fluid and porous regions into one set
of conservation equations is to model the porous substrate and the
flow regions as a single domain governed by one set of conservation
equations, the solution of which satisfies the matching conditions
at the fluid/porous interfaces. The mentioned resulting momentum
and energy equations in terms of dimensionless variables are10,13

∂ϕ∗

∂y∗
∂ξ ∗

∂x∗ − ∂ϕ∗

∂x∗
∂ξ ∗

∂y∗ = 1

Re
∇2ξ ∗ − Gr

Re2

∂T ∗

∂y∗ + Sϕ (1)

∇2ϕ∗ = −ξ ∗ (2)

∂ϕ∗

∂y∗
∂T ∗

∂x∗ − ∂ϕ∗

∂x∗
∂T ∗

∂y∗ = ∇ ·
(

1

Pe
∇T ∗

)
(3)

where x∗ and y∗ are dimensionless rectangular Cartesian coordi-
nates and ϕ and ξ are the stream function and vorticity, respectively,
which are related to the fluid velocity components u and v by

u = ∂ϕ

∂y
, v = −∂ϕ

∂x
, ξ = ∂v

∂x
− ∂u

∂y
(4)

a) b)

Fig. 1 Present configuration: a) schematic diagram and correspond-
ing coordinate systems and b) typical nonuniform grid system for the
whole computational domain.
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The nondimensional parameters in the fluid region are

Re f = uav R/ν f , Pe f = uav R/α f

Gr f = gβq ′′ R4
/

k f ν
2
f , Sϕ = 0 (5)

and in the porous region the nondimensional parameters are

Reeff = uav R

νeff
, Peeff = uav R

αeff
, Greff = gβq ′′K R2

keffν
2
eff

Da = K

R2
, � = F Rε√

K
(6)

Sϕ = − 1

ReeffDa
ξ ∗ − �|V̄ ∗|ξ − �

[
v∗ ∂|V̄ ∗|

∂x∗ − u∗ ∂|V̄ ∗|
∂y∗

]
(7)

The source term Sϕ can be considered as those contributing to the
vorticity generation due to the presence of the rectangular porous
blocks. Note that modified Grashof number Greff, Grashof number
Gr f , and Darcy number Da are related by Greff = Gr f Da/λ, where
λ = keff/kf, and keff is the effective conductivity of porous medium
and kf is that of the fluid. All of the preceding variables have been
nondimensionalized based on the following definitions:

x∗ = x/R, y∗ = y/R, L∗
i = Li/R, L∗

o = Lo/L

L∗ = L/R, u∗ = u/uav, v∗ = v/uav (8a)

H ∗ = H/R, W ∗ = W/R, S∗ = S/R

|V̄ ∗| =
√

u∗2 + v∗2
, ϕ∗ = ϕ/uav R, ξ ∗ = Rξ/uav (8b)

T ∗ = (T − Ti )/(q
′′ R/k f ), Pr = ν/α, P∗ = P

/
ρu2

av

(8c)

where

uav =
(∫ A

0

u dA

)/
A

A is the cross section area of the channel. Noted that these con-
servation equations for mixed convection in the porous region are
developed here using the local volume-averaging technique.12

The boundary conditions for the configuration shown in Fig. 1a
are such that the no-slip condition occurs at the two impermeable
walls. At the channel inlet, the fluid has an upward fully devel-
oped, parabolic velocity profile of uniform temperature distribution
Ti . At the right wall, there is a uniform heat flux q ′′, which is dis-
tributed over each heat source, and the portion of the wall between
heat sources is adiabatic. The left wall is entirely adiabatic. At the
channel exit, the boundary condition was determined by the fully
developed condition. At the porous/fluid interface, the following
quantities evaluated in both the porous and fluid regions are matched:
horizontal and vertical velocities, normal and shear stresses, temper-
ature, pressure, and heat flux. In summary, the boundary conditions
can be described in the following dimensionless form:

1) At the inlet, x∗ = 0 and 0 < y∗ < 1,

u∗ = 6y∗(1 − y∗), v∗ = 0, T ∗ = 0

ϕ∗ = 6
(

y∗2/
2 − y∗3/

3
)
, ξ ∗ = −6(1 − 2y∗) (9)

2) At the outlet, x∗ = L∗ and 0 ≤ y∗ ≤ 1,

∂T ∗

∂y∗ = 0,
∂ϕ∗

∂x∗ = 0,
∂ξ ∗

∂x∗ = 0 (10)

3) At the left channel wall, 0 � x∗ � L∗ and y∗ = 1,

u∗ = 0, v∗ = 0, ϕ∗ = 1

ξ ∗ = −∂2ϕ∗

∂y∗2 ,
∂T ∗

∂y∗ = 0 (11)

4) At the right channel wall, 0 � x∗ � L∗ and y∗ = 0,

u∗ = 0, v∗ = 0, ϕ∗ = 0, ξ ∗ = −∂2ϕ∗

∂y∗2

∂T ∗

∂y∗ =
{

0 (at insulated area)

−1 (at heat source area) (12)

5) Along the porous/fluid interface,

u∗
p

∣∣
g(x,y) = 0

= u∗
f

∣∣
g(x,y) = 0

, v∗
p

∣∣
g(x,y)= 0

= v∗
f

∣∣
g(x,y) = 0

µeff

∂v∗
p

∂n∗

∣∣∣∣
g(x,y) = 0

= µ f

∂v∗
f

∂n∗

∣∣∣∣
g(x,y) = 0

(13a)

µeff

[
∂u∗

p

∂n∗ + ∂v∗
p

∂t∗

]∣∣∣∣
g(x,y) = 0

= µ f

[
∂u∗

f

∂n∗ + ∂v∗
f

∂t∗

]∣∣∣∣
g(x,y) = 0

(13b)

T ∗
P

∣∣
g(x,y) = 0

= T ∗
f

∣∣
g(x,y) = 0

, keff
∂T ∗

P

∂n∗

∣∣∣∣
g(x,y)= 0

= k f

∂T ∗
f

∂n∗

∣∣∣∣
g(x,y) = 0

(13c)

where g(x, y) = 0 are the curves defining the porous/fluid interfaces
and the derivative with respect to n and t represents the normal and
tangential gradients, respectively, to these curves at any point on the
interfaces.

For further insight into the effects of porous material on the heat
transfer rate at the heat source, the local Nusselt number is defined
as

Nux = h R

k f
= q ′′ R

(Tw − Ti )k f
(14)

The average Nusselt number over one heat source is evaluated as
follows:

Num =
∫

Wi

Nux dx

/
W (15)

Note that the definition of Nusselt number based on the conductivity
of the fluid permits a direct comparison for a heat source with and
without porous block.

Numerical Method
With use of a nonuniform rectangular grid system, the finite dif-

ference form of the vorticity transport, stream function, and energy
equations were derived using control volume integration of these dif-
ferential equations over discrete cells surrounding the grid points.
Figure 1b shows a typical nonuniform grid system employed for the
present calculations. This grid system was designed to capture the
steep gradients near the walls, the porous/fluid interfaces, and the
porous block. In the described discretization scheme, the second-
order upwind and central-differencing formats are introduced for
the convective and diffusive terms, respectively. The finite differ-
ence equations thus obtained were solved by the extrapolated-Jacobi
scheme. This iterative scheme is based on a double-cyclic routine,
which translates into a sweep of only half of the grid points at each
iteration step.14 In this study, convergence was considered to have
been achieved when the absolute value of relative error on each grid
point between two successive iterations was found to be less than
10−6.

The interface between the porous medium and fluid space re-
quires special consideration. This is due to the sharp change of the
thermophysical properties, such as the permeability, porosity, and
the thermal conductivity, across the interface. All of these effects
on the porous/fluid interface are summarized in the dimensional pa-
rameters Reynolds number Re, Grashof number Gr, Darcy number
Da, �, and Prandtl number Pr. The harmonic mean formulation
suggested by Patankar15 was used to handle these discontinuous
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characteristics in the porous/fluid interface. For the present case,
Reynolds number Re, Grashof number Gr, Darcy number Da, �,
and Prandtl number Pr at the interface of a control volume are as
follows:

ReI = 2ReeffRe f

Reeff + Re f
, DaI = 2DaeffDa f

Daeff + Da f

GrI = 2GreffGr f

Greff + Gr f
, �I = 2�eff� f

�eff + � f

PrI = 2PreffPr f

Preff + Pr f
(16)

Therefore, instead of the source terms in Eqs. (5) and (7), the fol-
lowing source terms were used across the interface:

a)

b)

Fig. 2 Nusselt number comparisons: a) local Nusselt number distribution in nonporous channel containing seven heat sources vs solution given by
Tomimura and Fujii17 for S∗ = 1, W∗ = 1, L∗ = 15, Pr = 0.7, Re = 500, and Grf = 1 ×× 106, and b) average Nusselt number over each heat source vs that
Hadim18 result for flow in full porous channel with Λ = 0.1, S∗ = 1, W∗ = 1, Pr = 10, and keff/kf = 1 at Da = 1××10−6 and 1××10−3 for Re = 20, 100, and
1000.

Sϕ = u∗

ReI

∂

∂y∗

(
1

DaI

)
− v∗

ReI

∂

∂x∗

(
1

DaI

)
+ |V̄ ∗|u∗ ∂

∂y∗ (�I )

− |V̄ ∗|v∗ ∂

∂x∗ (�I ) − T ∗
[

1

Re2
I

∂

∂y∗ (GrI ) − GrI
∂

∂y∗

(
1

Re2
I

)]

(17)

Sϕ = − 1

ReI DaI
ξ ∗ − �I |V̄ ∗|ξ ∗ − �I

[
v∗ ∂|V̄ ∗|

∂x∗ − u∗ ∂|V̄ ∗|
∂y∗

]

+ u∗

ReI

∂

∂y∗

(
1

DaI

)
− v∗

ReI

∂

∂x∗

(
1

DaI

)
+ |V̄ ∗|u∗ ∂

∂y∗ (�I )

− |V̄ ∗|v∗ ∂

∂x∗ (�I ) − T ∗
[

1

Re2
I

∂

∂y∗ (GrI ) − GrI
∂

∂y∗

(
1

Re2
I

)]

(18)
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Fig. 3 Comparison of dimensionless wall temperature distribution along exposed faces of three heated blocks with the solution given by Davalath
and Bayazitoglu19 for S∗ = 0.5, W∗ = 0.5, H∗ = 0.25, L∗

i = 3.0, L∗
o = 9.5, Pr = 0.7, and ks/kf = 10 at Re = 100, 750, and 1000.

a) b) c)

d)

e)

Fig. 4 Flow in vertical parallel-plate channel containing multiple porous-covering heat sources on right plate for Da = 1××10−5, Λ = 0.35, Re = 600,
Grf = 3.6××105, Pr = 0.7, λ= 1, H∗ = 0.25, W∗ = 1.0, S∗ = 1.0, L∗

i = 4, and L∗
o = 28: a) streamlines, b) velocity distribution, c) isotherms, d) local Nusselt

number distribution, and e) average Nusselt number.
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a)

b)

Fig. 5 Effects of the Darcy number for Re = 600, Λ = 0.35, Pr = 0.7, Grf = 3.6××105, λ= 1, H∗ = 0.25, W∗ = 1.0, S∗ = 1.0, L∗
i = 4, and L∗

o = 28 on
a) streamlines, b) isotherms, c) local Nusselt number distributions, and d) average Nusselt number.
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c) d)

Fig. 5 Effects of the Darcy number for Re = 600, Λ = 0.35, Pr = 0.7, Grf = 3.6××105, λ= 1, H∗ = 0.25, W∗ = 1.0, S∗ = 1.0, L∗
i = 4, and L∗

o = 28 on
a) streamlines, b) isotherms, c) local Nusselt number distributions, and d) average Nusselt number (continued).

a)

b)

c)

Fig. 6 Effects of the Reynolds number for Da = 1××10−5, Λ = 0.35, Pr = 0.7, Grf = 3.6×105, λ= 1, H∗ = 0.25, W∗ = 1.0, S∗ = 1.0, L∗
i = 4, and L∗

o = 28 on
a) streamlines, b) local Nusselt number, and c) average Nusselt number.

where Eq. (17) was used for the fluid and Eq. (18) was used for
the porous region. In addition, to accommodate the solution of the
transport equations in both the fluid and porous regions, the effec-
tive viscosity of the fluid-saturated porous medium is set to be equal
to the viscosity of fluid. It has been found that this approximation
provides good agreement with experimental data.16 In this study,
the computational domain was chosen to be larger than the physical
domain to eliminate the entrance and exit effects and to satisfy con-
tinuity at the exit. A systematic set of numerical experiments was
performed to ensure that the use of a fully developed velocity profile
for the outflow boundary condition has no detectable effect on the
flow solution within the physical domain. The mathematical model

and the numerical scheme were checked by comparing the results
obtained from the present numerical results with other relevant lim-
iting cases available in the literature. The relevant studies for our
case correspond to the problems of 1) laminar mixed convection in
a plain vertical parallel-plate channel with localized heat sources,
that is, H ∗ = 0, no porous substrate; 2) forced convection in a porous
channel with localized heat sources, that is, H ∗ → 1 and W ∗ → L∗,
full porous channel; and 3) forced convection between parallel plates
with finite rectangular heat blocks, that is, Da → 0. The results for
first case are within better than 1% agreement with the data re-
ported by Tomimura and Fujii,17 as shown in Fig. 2a. The results
for second case are within less than 2% agreement with the data
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reported by Hadim,18 as shown in the Fig. 2b. The third valida-
tion was made by a comparison with the study of Davalath and
Barazitoglu19 for three heated rectangular blocks in a channel.
Comparisons between dimensionless wall temperature distributions
along the block exposed faces calculated in Ref. 19 and the current
analysis show discrepancies of less than 1% as shown in Fig. 3. Fur-
ther more, to ensure that the solution is grid independent, the pre-
dicted average Nusselt number is computed over each heat source
mounted with porous block in a vertical plane channel from var-
ious grid arrangements for a case with Da = 1 × 10−5, Re = 600,
� = 0.35, Pr = 0.7, Gr f = 3.6 × 105, λ = 1, H ∗ = 0.25, W ∗ = 1,
and S∗ = 1. Note that the differences in Nusselt number Num on each
heat source for 300 × 104, 375 × 84, 400 × 70, 415 × 104 grids are
less than 1.8%. Accordingly, the 400 × 70 grid is considered to be
suitable for the present study.

Results and Discussion
In this section, the effects of governing physical parameters, such

as the Darcy number Da, inertial parameter �, Reynolds number
Re, Grashof number Gr f , porous-to-fluid thermal conductivity ratio
λ, and two geometrical parameters H ∗ on the flowfield, tempera-
ture field, local Nusselt number distribution, and average Nusselt
number were explored. The fixed input parameters for all cases in
the simulations were H ∗ = 0.25, W ∗ = 1.0, S∗ = 1.0, L∗

i = 4, and
Pr = 0.7. (The cooling fluid in the study is air.) Because these basic
dimensionless parameters are required to characterize the system,
a comprehensive analysis of various combinations of these param-
eters was done. Note that, to illustrate the flow and temperature

a)

b)

c)

Fig. 7 Effects of the inertial number for Da = 1××10−5, Re = 1000, Pr = 0.7, Grf = 3.6××105, λ= 1, H∗ = 0.25, W∗ = 1.0, S∗ = 1.0, L∗
i = 4, and L∗

o = 28 with
Λ = 0.35, 10, and 15 on a) streamlines, b) local Nusselt number distributions, and c) average Nusselt number.

fields clearly, only the portion that concentrates on the porous/fluid
region and its close vicinity are presented. However, at all times,
the much larger domain was always used for numerical calculations
and interpretation of the results. In addition, for brevity, the main
features and characteristics of some of the results are discussed,
but the corresponding figures are not presented. Figure 4 shows
the effects of the porous-block structure on the fluid flow and ther-
mal convection heat transfer for a typical case with Da = 1 × 10−5,
Re = 600, � = 0.35, Pr = 0.7, Gr f = 3.6 × 105, λ = 1, and L∗

o = 28.
Several interesting features are found in Fig. 4. The presence of
the porous-block array causes the streamlines to bend significantly
in the channel (Fig. 4a). The velocity distribution is parabolic at
both the entrance and exit of the channel. However, this distribu-
tion changes rapidly as the fluid encounters the porous block array,
especially at the corners of block. Another interesting feature is
the formation of relatively large vortices behind each porous block
separated by a small recirculation region rotating in a direction op-
posite to that of the larger vortices. The height of these recirculation
regions is about twice that of the porous blocks. A weak eddy is
generated on the smooth left plate, corresponding to the reattached
region on the right plate. Here, the mechanism for the formation
of these complicated flowfields within the channel is the consoli-
dated result of five effects: 1) a penetrating effect pertaining to the
porous medium, 2) a blowing effect caused by porous media dis-
placing transversely the fluid from the porous region into the fluid
region,13,20 3) a suction effect caused by the pressure drop behind
the porous blocks resulting in a reattached flow, 4) the effects of
boundary-layer separation, and 5) the buoyancy effect induced by
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finite heat sources. The interactions of the recirculations, caused by
the porous blocks, with the core flow play a significant role in affect-
ing the temperature field. The isotherm distribution corresponding
to the described flowfield is shown in Fig. 4c. An interesting fea-
ture is that the thermal boundary-layer thickness increases over the
porous blocks and decreases downstream from the porous blocks.
This is different from a thermal boundary that develops from a flat
finite heat source array placed along the right wall. In this prob-
lem, the distortion of isotherms arises partly due to the periodi-
cal cross-streamwise displacement of fluid from the porous region
into the fluid region occurring at the porous-block array and in-
termittent transverse conduction in the fluid from the discrete heat
sources. The variation of local Nusselt number corresponding to the
described temperature field is shown in Fig. 4d. A periodic varia-
tion of Nusselt number Nux on the right plate is observed, with a
decreasing mean. The local Nusselt number distribution is sharply
peaked at leading and trailing edges of each heat source and drops
steeply toward the heater middle part, where the larger and smaller
vortices inside each heat source meet and a minimum Nusselt num-
ber Nux is reached. This can be explained by noting that there are
two thermal boundary layers starting to develop from the leading
and trailing edges of each heat source. Under the clockwise and
counterclockwise recirculating actions caused by the porous matrix
attached to the source surface, both thermal-boundary-layer thick-
nesses grow quickly along the source surface and join together at
around the meeting location of the larger and smaller vortices (as
shown in Fig. 4b). The heat transfer in the rear part of heat source is
higher due to increased convection aided by higher velocities in the
recirculation eddy. Although the heat transfer at around the location
where the larger and smaller vortices meet is lower due to an almost

a)

b)

c)

Fig. 8 Effects of the Grashof number for Re = 600, Da = 5×10−5, Λ = 0.35, Pr = 0.7, λ= 1, H∗ = 0.25, W∗ = 1.0, S∗ = 1.0, L∗
i = 4, and L∗

o = 105 with
Grf /Re2 = 1, 10, and 20 on a) streamlines, b) local Nusselt number distributions, and c) average Nusselt number.

stagnant flowfield within that region. In the heat source array, Nus-
selt numbers Nux or Num decrease for downstream sources except
source one. The reason is that as the fluid passes over the sources
its temperature increases and the heat transfer coefficient decreases.
The first source has smaller Nusselt number Nux value at the leading
edge than the downstream sources due to the impact of the core flow
as it penetrates the porous block array with a relative small vortex
shedding at the front part of block 1 and lower temperature gradient
at the leading edge of heat source 1. For the pure flat heat source
array, a large Nusselt number occurs at the leading edge of each
heat source where the intermittent thermal boundary layer begins
to grow, and then Nusselt number declines toward the downstream
edge due to boundary-layer growth. The Nusselt numbers in the in-
sulated region separating the heat sources are zero. Similar results
are found in the work of Tomimura and Fujii.17 Comparison of aver-
age Nusselt number over each heat source with and without porous
block shows that the recirculation flow caused by a porous block
can augment significantly the heat transfer rate, as shown in Fig. 4e.

Effect of Darcy Number
The Darcy number Da = K/R2 is directly related to the perme-

ability of the porous medium. To investigate the effect of Darcy
number on flow and temperature fields, computations were car-
ried out at Da = 1 × 10−5, 2 × 10−5, 1 × 10−4, and 1 × 10−3 for
� = 0.35, Re = 600, Gr f = 3.6 × 105, λ = 1, and L∗

o = 28. The flow-
fields shown in Fig. 5a reveal that for the range of Darcy number Da
investigated the distortion of streamlines and the size of recircula-
tions behind the porous blocks becomes less pronounced as Darcy
number Da increases. This is due to the combined effect of the
smaller bulk frictional resistance that the flow encounters at larger
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values of Darcy number Da and the increasing intensity of buoyancy
in the porous region. This in turn causes a smaller blowing effect
through porous blocks, which displaces the fluid less deep into the
core flow and confines the development of recirculation zones in
the transverse direction. When Darcy number Da is increased up to
1×10−3, the flow penetrates completely into the porous block array,
and no recirculation vortices are created in the channel. The tem-
perature fields, shown in Fig. 5b corresponding to different Darcy
numbers show that when the Reynolds number Re is small, the
global temperature fields are strongly interrelated, encompassing
the entire domain from the right to the left surface of the channel.
However, as Darcy number Da increases, the extent of distortion for
isotherms become less pronounced. This is the direct result of the

a) b)

c) d)

Fig. 9 Effects of variations in thermal conductivity ratio for the baseline case with λ= 1, 10, and 15 on a) streamlines, b) isotherms, c) local Nusselt
number distributions, and d) average Nusselt number.

discussed flowfield. The relationship between Nusselt number Nux

and Darcy number Da is shown in Fig. 5c. It is seen that as Darcy
number Da increases from 1 × 10−5 to 1 × 10−3, the two-peak type
curves of local Nusselt number distribution decay gradually and then
transform to one-peak type, with which the peak value of Nusselt
number Nux appears at the leading edge of the each heat source.
In addition, the variation with Darcy number Da of Nusselt number
Num is shown in Fig. 5d. Here there is an interesting phenomenon
for Nusselt number Num over each heat source. In the calcula-
tion range of Darcy number Da, there exists a critical Darcy num-
ber corresponding to the smallest values of Nusselt number Num

over each heat source, beyond which the average heat transfer rate
increases.
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Effect of Reynolds Number
The effect of variations in the Reynolds number is shown in Fig. 6

for Da = 1 × 10−5, � = 0.35, Pr = 0.7, Gr f = 3.6 × 105, λ = 1, and
L∗

o = 28 with Re = 600, 800, and 1200, respectively. The flowfields
shown in Fig. 6a reveal that increasing Reynolds number Re from
600 to 800 slightly increases the distortion level in the core flow
streamlines. The recirculation regions become slightly smaller and
stronger. The reason for this trend is that increasing Reynolds num-
ber Re increases the fluid’s forward momentum, resulting in a larger
penetration into the porous matrix. This, in turn, reduces the ac-
tion of the blowing effect caused by porous medium and restrains
the expansion of recirculation flows in the transverse direction. As
Reynolds number Re is increased further up to 1200, the larger vor-
tex behind each porous block diminishes and ultimately vanishes.
At the same time, the size of the smaller vortex ahead of each block
grows, occupying most of the porous block. The effect of Reynolds
number on the local and average Nusselt number is shown in Fig.
6b and 6c. Nusselt number Nux slightly increases with increasing
Reynolds number Re from 600 to 800 because of the increased con-
vection aided by higher velocities in the recirculation flow, whereas
Nusselt number Nux decreases with increasing Reynolds number
Re from 800 to 1200 due to the reducing convection caused by the
weak and closed vortex inside the porous blocks, except source one.

Inertial Effects
The inertial parameter� = F Rε/

√
K is concerned with mi-

crostructure of the porous solid matrix, which causes an increase
in the inertial effects at higher velocity.12 The effect of an increase
or decrease in the inertial parameter � is shown in Fig. 7 for

a)

b)

c)

Fig. 10 Effects of the geometric parameters H∗ for Da = 1××10−5, Λ = 0.35, Re = 600, Grf = 3.6××105, Pr = 0.7, λ= 1, W∗ = 1.0, S∗ = 1.0, L∗
i = 4, and

L∗
o = 28 on a) streamlines, b) local Nusselt number distributions, and c) average Nusselt number.

Da = 1 × 10−5, Re = 1000, Pr = 0.7, Gr f = 3.6 × 105, and L∗
o = 28

with � = 0.35, 10, and 15. Comparison of the streamlines in Fig.
7a reveals that the vortex behind each porous block gradually grows
inside the interporous-block spacing as the inertial parameter in-
creases. The reason for this is that the larger bulk frictional resistance
caused by porous matrix decelerates the core flow, which leads to
a larger blowing effect and creates a larger recirculation in the side
top corner of porous blocks after encountering the primary flow-
field. Figure 7b shows the variation of Nusselt number Nux with �.
In general, as � increases, Nusselt number Nux increases. This is
due to the larger fluid mixing caused by a larger recirculation zone
for larger �. As expected, larger � results in higher Nusselt number
Num .

Effect of Grashof Number
Figure 8a shows the effects of buoyancy on the flow structure

for Da = 5 × 10−5, � = 0.35, Pr = 0.7, λ = 1, H ∗ = 0.25, W ∗ = 1.0,
S∗ = 1.0, and L∗

o = 105. A series of calculations was carried out by
varying the strength of the mixed convection, Gr f /Re2, in the range
of 1–20, while the Reynolds number was fixed at Re = 600. The
streamlines shown in Fig. 8a reveal that as the ratio Gr f /Re2 is
raised, the size of larger recirculation behind each porous block,
except the block 1, reduces and finally vanishes. Because of an in-
creasing upward motion caused by buoyancy, the fluid penetrates
deeper into the porous block, which reduces the blowing effect and
limits the growth of the recirculation zone. The variation in local
heat transfer rate Nusselt number Nux with Gr f /Re2 is in Fig. 8b.
As seen in Fig. 8b, Nusselt number Nux in the front part of the
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heat source increases, whereas it decreases in the rear part of the
heat source as Gr/Re2 increases from 1 to 20. For the first heat
source, Nusselt number Nux decreases with increasing Gr f /Re2

because recirculation flow patterns are slightly sensitive to the vari-
ation in Gr/Re2. As expected, Nusselt number Num decreases with
Gr f /Re2, as shown in Fig. 8c.

Effects of Conductivity Ratio
The effect of the thermal conductivity ratio is shown in Fig. 9

for fixed values of Da = 1 × 10−5, � = 0.35, Re = 600, Pr = 0.7,
Gr f = 3.6 × 105, H ∗ = 0.25, W ∗ = 1.0, S∗ = 1.0, and L∗

o = 105 with
λ = 1, 10, and 15, respectively. Figure 9a shows that, as λ increases,
the size and relative strength of recirculation zones around the
porous blocks decrease. The reason for that is as λ is increased while
Grashof number Gr f and Darcy number Da are kept constant, the
buoyancy effects decrease in the porous region (from the equation
Greff = Gr f × Da/λ), leading to confinement of the expansion of
recirculation zone into the core flow. Figures 9b and 9c show that
as the conductivity ratio increases there results a decay in the two-
peak-type curve of local Nusselt number distributions and average
Nusselt numbers over each heat source. This is because the increase
in conduction heat transfer is less than the decrease in convection
heat transfer.

Effect of Geometric Parameter H∗

Figure 10 shows the changes in flowfield and Nusselt num-
bers as the porous block height decreases H ∗ from 0.4 to 0.125
for Da = 1 × 10−5, � = 0.35, Re = 600, Gr = 3.6 × 105, Pr = 0.7,
λ = 1, W ∗ = 1.0, S∗ = 1.0, and L∗

o = 28. As can be seen in Fig.
10a the distortions for the streamlines and isotherms become less
pronounced as the block height decreases. In addition, the size of
recirculation and the interaction between successive porous blocks
reduce. This is due to the relative decrease in the height of the porous
block, which in turn offers a lower degree of obstruction to the flow
and a smaller blowing action for smaller values of H ∗. Figures 10b
and 10c show that Nusselt number Nux increases with increasing
H ∗ due to the larger fluid mixing velocity and heat transfer area
provided by the higher porous blocks.

Conclusions
A numerical study of laminar mixed convection of multiple heat

sources mounted with porous blocks in a vertical parallel-plate chan-
nel was performed. The rectangular porous blocks change the in-
coming velocity field considerably, resulting in the formation of
vortices penetrating these porous blocks. The strength and extent of
these vortices, which strongly depend on five competing effects of
penetrating, blowing, suction, boundary-layer separation and reat-
tachment, and buoyancy, have profound influences on the heat trans-
fer characteristics. The dependence of streamlines, isotherms, and
local and average Nusselt numbers on the governing parameters is
documented in detail. The computational results show that the in-
crease in heat transfer rate is more pronounced at both trailing and
leading edges of the strip heaters by altering some parametric val-
ues. Furthermore, the average heat transfer rate increases with the
inertial parameter and dimensionless height of the porous block and
decreases with Grashof number and the conductivity ratio. How-
ever, the effects of Reynolds and Darcy numbers are not straightfor-
ward. There exists a critical value for which the heat transfer rate is
maximum (for Reynolds number) or minimum (for Darcy number).

Below and above this critical value, the average Nusselt numbers of
heaters drop off or go up.
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