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A B S T R A C T

In this study, forced convection the heat generation components by cooling porous elements has been in-
vestigated using BDPM method. A developed code under FVM and Simple Algorithm is used for numerical
simulation. Air is selected as the working fluid with Pr= 0.7 in the laminar state. Effects of variable permeability
distribution was investigated by changing the permeability in each column of porous blocks in increasing, de-
creasing, sinusoidal, and cosine patterns. In addition, the influences of average Darcy number and Darcy domain
alterations of the porous blocks has been simulated. Sinusoidal pattern has the largest system performance under
Re=400–1000. In comparison with constant pattern, system performance has increased up to 9.5 times for
sinusoidal pattern. Likewise, heat transfer in variable pattern is greater than constant one. The effects of variable
pattern become more evident by changing average Darcy number since Darcy reaches 10−3, which will optimize
heat transfer and system performance. Based on Darcy domain changes in the columns, it could be found that
Darcy domain also affects heat transfer and pressure drop. These changes in Darcy domain can increase the
system performance up to about 2.2 times.

1. Introduction

In the recent years, different methods for increasing heat transfer
are presented by researchers in which have been used in different in-
dustries widely. Minimizing the parts of equipment is considered to be
an importance section of modern technology that could be possible
through controlling and reducing heat generated from these parts.
Using solid blocks, Nano-fluids and porous medium in the flow field are
the most important methods which have been attracted by many re-
searchers due to its capability to increase system performance and re-
duce energy consumption.

Using the fin-pins is the first method which presented by researches
for this aim [1–6]. Fins covered heat generating parts distributed in a
channel using forced convection. Changing the shape of fins and its
arrangement are the common parameters that were studied at different
Reynolds numbers. The results show that the use of fins increases the
heat transfer but also increases the pressure drop.

Another method for increasing heat transfer is the use of nano-
fluids. Several parameters such as volume fraction, diameter of nano-
particles and flow fluctuation effects of a nano-fluid on solid and porous
cylinders have been investigated on heat transfer and pressure drop
rates [7,8]. Results indicated that nano-fluids can increases heat

transfer in the desired systems significantly and the pressure drop due
to using nano-fluid has minor changes.

In addition, porous medium is another method which is one of the
most important issues to increase heat transfer that has been considered
by the researchers. Thermo-hydraulic performance of porous medium
with single permeability depends upon flow rate of the inlet fluid, solid
and liquid thermal properties, permeability and porosity of the porous
medium [9–14]. Also, effects of replacing the porous blocks instead of
solid ones and different arrangement of porous blocks on heat transfer
and pressure drop have been studied [15,16].

Some analytical and numerical studies have been done regarding
forced convection in Bi-disperse Porous Medium (BDPM) channels for
developing thermal fields as a new effective method for increasing heat
transfer [17–25]. Permeability of porous medium and Nusselt number
dependency on thermal conductivity have been studied. Darcy number
effects, number of porous blocks arrays, changing macro pores width,
and Reynolds number effects in homogenous bi-disperse porous
medium have been investigated [26,27]. Some researchers studied the
fluid flow on a cavity and forced convection in a channel containing bi-
disperse porous medium [28,29]. Influence of thermal resistance and
increase in Peclet number were considered. In another case of study,
two parallel channels contacting each other through applying forced
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convection conditions has been studied [30]. Different parameters in-
cluding dependency on thermal conductivity, speed ratio and internal
thermal exchange were investigated.

Kumar et al., in 2013 numerically simulated forced convection to
cool electronic parts with/without porous medium. In their research
“Bi-disperse Porous Medium”, “transfer thermal well model”, and
“forced heat transfer without thermal well” were compared [31].

Also other researches have recently presented heat and mass
transfer problems on porous medium using different methods and fluids
[32–39].

An analytical case of study investigates the forced convective heat
transport through a circular pipe filled with a BDPM. Compared to the
regular (monodisperse) porous medium (MDPM) with one porosity
scale, the bi-disperse porous medium has two porosity scales, which
may enhance the heat transfer capability. It is found that the tem-
perature distribution alters remarkably with the bi-dispersion intensity.
The increasing effective thermal conductivity ratio signifies the max-
imum temperature difference between the two phases inside the
medium. A critical value of the effective thermal conductivity ratio is
observed. A comprehensive discussion regarding the effects of pertinent
thermos-physical parameters on the Nusselt number is also presented.
Before approaching the critical conductivity ratio, the Nusselt number
increases with an increase in the effective thermal conductivity ratio.
But after passing the critical point, the BDPM Nusselt number drops
sharply down to zero. In addition, the BDPM pipe with very high Darcy
numbers gives rise to higher heat transfer performance than the MDPM
one. However, in general for regular Darcy numbers, BDPM does not
display an advantage over the MDPM one [39].

According to the previous studies, using solid blocks increases
pressure drop and have lower heat transfer efficiency in comparison to
the porous mediums. Also, nano-fluids could not be able to use in any
systems especially in air based systems and porous medium with small
permeability.

Porous materials are simulated numerically usually in constant
permeability in the whole porous medium. The main problems in these
case of studies are Non-uniform heat transfer and increasing pressure
drop in porous medium. Therefore, many porous medium abilities and
features especially in BDPM approach has not been reported until now.
Thus, the idea of using variable permeability distribution of porous
medium and controlling the internal structure of flow in such dis-
tributions seems to be efficient and useful.

In the present study, fluid flow and head transfer in a variable bi-
disperse porous medium (VBDPM) in a channel has been studied. What
makes the present work different from previous studies is the simula-
tion of new linear and non-linear patterns of porous medium perme-
ability distribution. In addition, controlling the permeability distribu-
tion by changing the internal structure of such patterns has been
investigated in order to achieve an optimal system.

2. Problem description

In the present research, forced convection over a bi-disperse porous
medium in a channel has been studied numerically according to Fig. 1.
In a bi-disperse porous medium, fluid flow in macro pores, which is
shown in Fig. 1, is modelled with the simple form of Navier-Stokes
equations and fluid flow inside the porous macro-blocks is modelled by
the porous medium governing equation.

The BDPM channel, simulated as a two-dimensional porous macro-
block array, is shown in Fig. 1. The heat generating porous blocks in a
channel of size W* × L* is considered an independent unit. The gen-
erated heat is transferred by the fluid, flowing through macro-pores and
porous blocks in the porous medium. The fluid flow and heat transfer
behavior are studied using the two-dimensional form of the mass,
momentum (modified Navier–Stokes) and energy conservation equa-
tions.

Fig. 2 shows different patterns of permeability distribution in the

porous medium. According to the graphs in Fig. 2, porous blocks cre-
ated in Darcy numbers between 10−3 and 10−2 in variable patterns.
These variable distribution of permeability are presented in Decreasing,
Increasing, and Sinusoidal and Cosine patterns as displayed in Fig. 2.
Also the mentioned patterns in Fig. 2 has been compared with a con-
stant permeability pattern in which all the porous blocks are in constant
Da= 10−3. It should be mentioned that he average Darcy number in all
patterns in Fig. 2 are equal. Columns number of porous medium and
cross sections number are displayed in Fig. 3.

Reynolds number is selected within 400–1000 range. The working
fluid is air under Pr= 0.7. The following assumptions are made: the
steady forced convection flow is incompressible and laminar. The fluid
is considered to be Newtonian and its thermo-physical properties are
invariant. The volumetric heat generation in the porous blocks is uni-
form. The fluid and porous matrix are in local thermal equilibrium.

3. Governing equations and numerical solution procedure

In the present study, equations for the fluid include Continuity
Equation, Momentum Equations, and Energy Equation. To model the
porous medium, special forms of these equations have been used
[26,27].

The system of governing partial differential equations are non-di-
mensionalized using the following terms. In order to non-dimensiona-
lize the variables, the following terms are used:
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Inside the macro pores in the porous medium, equations (2-b) and
(2-c) are solved by placing ∅ = 1I and DaI= infinite. Equation (2-d) is
solved by placing keff=kf.

Boundary conditions for equations (2-a) to (2-d) as per the geometry
shown in figure (1) are:

At the inlet:
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L *in is the upstream length and L*out is the downstream length of BDPM
channel (Fig. 1). Sufficient flow length has been considered for BDPM
upstream and downstream fluid flows. Upstream flow length =L Lin

* has
been provided such a way that flow becomes uniform (uin, Tin) and no
thermal back exists at the inlet. Boundary condition of outflow has been
used at the outlet domain. As such, length of the additional buffer is

=L 10Lout
* * at the downstream flow of BDPM channel.

At the upstream and downstream walls:

= = = ∂
∂

=y W u v and θ
y

* 0 * : * * 0
*

0
(3-c)

Sudden changes in thermo-physical properties as like permeability,
porosity, and thermal conductivity in fluid/porosity interface is com-
pleted by means of harmonic mean formula. The following conditions
are applied in the interface between macro pores and porous blocks.
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Where, n indicates normal axis to the wall of each porous block.
Pressure drop and heat transfer rates have been considered as non-di-
mensional pressure drop ΔP* and Nusselt number Nu.

These are calculated as follows:
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Fig. 1. Schematic of physical and computational configuration with 3× 3 block array, (Constant pattern).

Fig. 2. Applied patterns for variable bi-disperse porous medium (a) Decreasing, (b) Increasing, (c) Cosine, (d) Sinusoidal.
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Likewise, for BDPM geometry, W* = L* as shown in figure (1),
when the volume fraction of macro pores ∅E and number of porous
blocks N2 are known, size of each block D* and width of macro pores ??
can be determined through the following relations:

∅ = − N D1 *E
2 2 (7)

= −δ D N
N

1 *
(8)

Also, the performance parameter of a uniformly heat generating
BDPM channel, χ, is defined as the maximum ratio of the dissipated
heat to pumping power and is written as (25,26):

=χ Nu
P ReΔ * 3 (10)

Where Re is Reynolds number based on the channel hydraulic dia-
meter = ×(Re Re (D /H))H h . In all calculations Pr = 0.7, BDPM channel
volume is W* × L* × 1 and temperature difference – emitted heat – is
proportionate to Nu that depends on BDPM channel area (W* × L*).

A FORTRAN in-house code will be applied for numerical simulation.
Navier-Stokes equations are first discretized into algebraic equations by
FVM approach. The convective terms of equations (2-a)–(2-d) are dis-
cretized using a Power Law scheme and the diffusion and pressure

Fig. 3. Number of (a) porous blocks columns and (b) cross sections, in porous medium inside the channel.

Fig. 4. Mesh generation of computational domain of the problem.

Table 1
Studies on grid independency for porous macro blocks 3× 3 under Re=1000,
∅I = 0.75, Pr= 0.7, DaI= 10−3.

No. of Blocks Acceptable Grid Size Nusselt Number Error (%)

3× 3 27×67 1137.959 96.533
79×127 874.505 51.033
129×177 691.609 19.445

X 179×229 581.429 0.417
229×273 579.014 –

Fig. 5. Numerical code validation for Nusselt number changes on bi-disperse
porous medium, in ∅I = 0.75, Re= 10–2000, γ=100 and Pr= 0.7.

Table 2
Error percentage of numerical code validation (Fig. 5).

Re 100 500 1000 1500 2000
Parameter Nu Nu Nu Nu Nu
Narasimhan et al.

[27]
50.5865 258.8203 564.8587 931.2637 1354.4600

Present Work 52.1133 265.6271 577.3670 949.4859 1381.5699
Error % 2.9298 2.5626 2.1664 1.9192 1.9623
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terms with the central difference Scheme. The pressure and velocity
coupling in equations (2-a)-(2-c) is handled using SIMPLE algorithm. A
TDMA algorithm is used to solve governing equation.

4. Studies on grid independency and validation

In this research, a Cartesian grid has been used for flow field grid
generation. This grid has been scaled down in different regions with an
exponential function has been used in this study as follows:

=
−

−
L

x q
q
( 1)

1

n
1

(11)

In which L is length of the whole part that is going to be grid, x1 is
the first cell length, n is number of grid nodes, and q is common ratio
and q < 1 is used for grid compression and q > 1 is applied for grid
expansion.

To simulate the flow filed, computational domain of the problem
has been meshed. In Fig. 4, the generated grid has been displayed.
Using stretching method in mesh generation, a fine grid has been
generated near the walls and porous medium which changes of flow
filed are considerable. It should be noted that the grid ratio has not been
exceeded more than 1.12 in the domain of computation.

To find an optimal grid, Nusselt number related to porous medium
has been assessed in number of different nodes. Here, a channel con-
taining bi-disperse porous medium with constant Darcy number 10−3

in Reynolds number 1000 and number of porous macro blocks with
3× 3 array has been investigated and the results have been provided in
Table 1.

Results of numerical simulation for a forced convection flow on bi-
disperse porous medium in channel is displayed in figure (5). Figure (5)
displays changes in Nusselt number. A good conformity is observed
between the present and results of Narasimhan et al. [26] as shown in
Table 2.

In the third test case, an experimental study of water flow and heat
transfer in porous media in a channel is numerically simulated and
compared with the results of experiments [40]. The porosity is 0.41 and
cross arrangement of porous media is considered for numerical simu-
lation. Results of Nusselt number changes in Re= 8–75 is displayed in
Fig. (6). Results shows that the numerical simulations are in Good
agreement with the experimental results of Wang et al.

Fig. 6. Numerical code validation with an experimental benchmark; Nusselt
number changes for water in Re=8–75.

Fig. 7. Effects of Constant and Increasing\ Decreasing\ Cosine and Sinusoidal
patterns in BDPM on (a) Nusselt number, (b) pressure drop and (c) χ parameter,
for 3× 3 porous blocks [∅I = 0.75, Re=400–1000, γ=100 and Pr= 0.7].
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5. Results and discussion

Variable permeability distribution in porous medium was simu-
lated. Also, changing the average Darcy number and Darcy domain in
VBDPM was studied. The numerical case of studies was simulated in
Pr= 0.7, Kf= 0.02597, γ=100, ∅I = 0.75 and N2=9.

5.1. Effects of variable permeability distribution of porous medium
(increasing, decreasing, sinusoidal, and cosine patterns)

Effects of different permeability distribution patterns on Nusselt
number, pressure drop and system performance base on pumping
power (χ) for Reynolds numbers 400 to 1000 is shown in figure (7).

According to figure (7-a), decreasing pattern under various

Fig. 8. Velocity contours with streamlines and temperature contours for (a) Constant pattern and Variable (b) Decreasing, (c) Increasing, (d) Cosine and (e)
Sinusoidal patterns, [Re= 1000 and ∅I = 0.75].
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Reynolds numbers indicates highest Nusselt number in comparison to
the other patterns. In fact, in this pattern more amount of the fluid
enters to the porous blocks due to high permeability of the porous
blocks that could increase the heat transfer. But, in the other patterns,
the fluid flow is directed towards macro pores due to the reduction of
porous blocks permeability.

In figure (7-b), significant decreasing in pressure drop in different
Reynolds numbers is clear for all the new patterns. In constant pattern,
pressure drops due to increasing the Reynolds number [27]. This must
be the same in increasing pattern due to the similar permeability of
porous blocks in the first columns, but it is not true! Fluid flow has
tended towards horizontal macro pores due to the first column low
permeability in constant and increasing patterns. But, at increasing
pattern, fluid flow has tended toward the vertical macro pores and
porous blocks at the secondary columns due to increasing the perme-
ability. The lowest amount of pressure drop belongs to sinusoidal pat-
tern that stands at the lowest level compared to the other patterns.

Figure (7-c), indicates that all new patterns have a better perfor-
mance in comparison to the constant pattern. These new patterns have
different behavior in different Reynolds numbers. However, the max-
imum performance belongs to sinusoidal pattern within studied Rey-
nolds numbers and the optimized value will be determined based on

Reynolds number range for other patterns.
It is necessary to mention that χ within the above-mentioned

Reynolds numbers has increased up to 9.5 times for sinusoidal pattern
in comparison to constant pattern.

Effects of different permeability distribution patterns on streamlines
and temperature contours are displayed in figure (8). Also temperature
profiles θ y( *) and velocity profiles U y( *) are displayed in figures (9) at
three different cross sections from L1 to L3 as shown in figure (3-b).

Due to the low permeability of the first column in constant and
increasing patterns, the fluid flows to the horizontal macro pores
(Fig. 8-a,b). However, pressure drop in increasing pattern is lower than
constant pattern because of permeability changes in the secondary
columns in increasing pattern. It seems this behavior has two reasons.
Firstly, in the increasing pattern, the following fluid which passes the
first column, enters to a higher permeability porous medium compared
to the Constant pattern. Secondly, after passing from the first column in
the increasing pattern, porous blocks with low permeability cannot
control the fluid flow to the horizontal macro pores in comparison to
the high permeability porous blocks in the Constant pattern. In this
situation, fluid flow could be expanded to the porous blocks and virtual
macro pores.

As evident in Fig. (8-c), in decreasing pattern, streamlines are

Fig. 9. (a) Temperature profile θ y( *) and (b) Velocity profile U y( *) at 3 different lengths (L) as shown in figure (3-b) for Constant patterns (Da= 10−3) and 4
different patterns as shown in figure (2), [Re= 1000 and ∅I = 0.75].
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mostly directed towards the porous blocks and more fluid enters porous
blocks. Upon decreasing permeability in the end blocks, fluid flow will
face block resistance and deviate to the horizontal macro pores. The
maximum resistance only occurs in last column, and the end column
releases the remaining heat to downstream. Therefore the heated fluid
heat will not enter to another column.

Temperature contours in figure (8) indicates a better heat transfer in
the last column in sinusoidal pattern compared to the other pattern.
This also can be seen in temperature profile (Fig. 9-a in L3).

According to the velocity contours, maximum amount of the fluid
flows in the horizontal macro pores and passing fluid from the porous
blocks has a lower velocity. It could be found in the higher gradients of
the velocity profiles in Fig (9-b). Therefore, cooling feature of the
working fluid has not been used completely in constant pattern. By
changing the permeability distribution of patterns, it could be seen that
the velocity gradients decrease between the blocks and macro pores
which shows pressure drop reducing and a better uniformity in heat
transfer (Fig. 9-b). Also by changing the permeability distribution, fluid
flow expansion could be occurred. Therefore, the flow of heated fluid
from one porous block to another block (in a porous blocks row) is
avoided as much as possible.

5.2. Effects of changing average Darcy of porous medium on variable
permeability distribution pattern

Effects of changing the average Darcy number of the porous blocks
in 7 modes from under Re=1000 have been studied. For this case of
study, the “Decreasing Pattern” is used for analysis the average Darcy
effects (Fig. 2). Also, a constant pattern is considered to be compared
with this case. Da in constant pattern is equal to average Da of each
modes (equal to Da of columns 2 in each mode). Figure (10) displays
selected Darcy numbers for the above mentioned modes for each
column. The numbers 1, 2 and 3 shown in the triangles in (Fig. 10)
represent the number of each column of the porous medium blocks
(shown in Fig. 3-a).

Also, in Fig. 11, Nu, ΔP* and χ parameter are displayed for effects of
changing average Darcy number.

Fig. 10. Patterns of changing average Darcy number for Decreasing pattern.

Fig. 11. Effects of changing average Darcy number on (a) Nusselt number (Nu),
(b) pressure drop (ΔP*) and (c) χ parameter, for Decreasing pattern,
[∅I = 0.75, Re=1000, γ=100 and Pr= 0.7].
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According to Fig. 11, Nusselt number decreases and pressure drop
increases in constant mode upon decreasing the Darcy number from
10−2 to 10−3. The behavior of decreasing in Nu and increasing in ΔP*
in Decreasing pattern is similar to constant mode but the amounts of
these changes are different.

Existing changes in Nusselt diagram especially where Darcy ap-
proaches 10−3, is more evident in both Decreasing and Constant pat-
tern. As per the observations with constant Darcy (as it approaches
10−3), heat transfer suddenly decreased but pressure drop increased.
But, Nusselt number reduction and pressure drop increase is much
lower in Decreasing pattern. Also, the χ parameter maximum difference
can be seen in mode 7 (Fig. 11-c). However, minor changes in pressure
drop due to its very small value do not show Nusselt number changes
clearly in the χ diagram.

5.3. Effects of changing the domain of variable permeability

Effects of the change in the domain of Darcy number and average
Darcy number in Decreasing pattern (as shown in Fig. 2) has been
studied in Reynolds number 1000.

5.3.1. Effects of changing the domain of Darcy number in addition to
changing average Da

According to Fig. 12, Da domain and average Da are changed to-
gether in each 5 modes. Da is changed from 10−2 to 10−3.

In Fig. 13, Nu, ΔP* and χ parameter are displayed for effects of
changing the domain of Darcy number in addition to changing average
Da. According to figure (13-a), Nusselt number increases in mode 3 in
comparison to the other modes. But, the pressure drop is decreased in
high permeability mode (mode 1). The results indicate that heat
transfer is affected by domain changes more that permeability and
average Da effects. Moreover, pressure drop depends of permeability
more that Da domain and its average changing.

It is observed in figure (c) that χ diagram is similar to linear pres-
sure drop diagram with a little difference. Pressure drop changes is 4
times, which is much more than Nusselt number changes (about 1.04
times) and its influence on χ parameter is more. However, in this case
of study, performance parameter (χ) has increased up to 4 time in mode
1 compared to the other modes.

5.3.2. Effects of changing the domain of Darcy number with constant
average Darcy number

In this section, effects of variable permeability domain changes with
constant average Da has been investigated. Changes of Da domain in

Fig. 12. Patterns of Darcy number domain and average Darcy changing to-
gether for Decreasing pattern.

Fig. 13. Effects of Darcy number domain and average Darcy changing together
on (a) Nusselt number (Nu), (b) pressure drop (ΔP*) and (c) χ parameter, for
Decreasing pattern, [∅I = 0.75, Re=1000, γ=100 and Pr= 0.7].
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constant average Da are displayed in 4 modes in Fig. 14. Da is changed
from 10−2 to 10−3. Based on similar average Darcy forms in all the
modes (1–4), no changes was seen in average Darcy value which is set
to Da=5×10−3.

As indicated in Fig. (15), Nusselt number decreases upon reducing
in the Da domain although there is no changes in average Darcy. Based
on Fig. 11-b, pressure drop also decreases upon decrease in Da domain.
This reduction in pressure drop is due to sudden reduction of perme-
ability in porous blocks. The Nu and ΔP* diagrams show that by de-
creasing the Da domain, both the heat transfer and pressure drop re-
duce. Bu the changes of pressure drop are more that Nu number.
Therefore, performance parameter increases by reducing the Da domain
about 1.5 times. In this case, changing the Da domain depends on the
systems requirements. In systems where heat transfer plays a major
role, higher amount of Da domain is effective and on the pressure base
systems, lower Da domain is more efficient .

5.3.3. Effects of changing the Da distribution by variable average Darcy
number

In this section, effects of Da distribution changes by variable
average Darcy number has been studied. Darcy number of the columns
1 and 3 in all modes are in constant value of 10−2 and 10−3 respec-
tively, and Darcy number of column 2 is variable between 10−2 and
10−3(see Fig. 16).

In Fig. 17, Nu, ΔP* and χ parameter are displayed for effects of Da
distribution changes by variable average Darcy number. According to
figure (17-a), as Darcy number of the column 2 approaches from 10−2

to 10−3, Nusselt number will increase. Behavior of pressure drop dia-
gram is completely similar to Nusselt number diagram. The difference is
that pressure drop changes from 10−2 to 10−3 is about 1.8 times, but
this change in Nusselt diagram is 1.005 times. As the result, changes in
Darcy number of the column 2 affect pressure drop in the system. The
changes in pressure drop, even with minor changes of Nusselt number,
leads to 1.9 times increase in system performance (χ) according to
figure (17-c).

6. Conclusion

In the present research, forced convection over a bi-disperse porous
medium in a channel studied numerically using BDPM equations.
Reynolds number, variable permeability distribution, changing average
Darcy number and Da domain effects on heat transfer and pressure drop
are the main parameters of this study. Reynolds number has been se-
lected between 400 and 1000. Air was applied as the working fluid with
Pr= 0.7.

Flow in macro pores are modelled with the simple form of Navier-
Stokes equations and flow in porous blocks are modelled through

Fig. 14. Patterns of Darcy number domain changing with constant average
Darcy number for Decreasing pattern.

Fig. 15. Effects of Darcy number domain changing with constant average Darcy
number on (a) Nusselt number (Nu), (b) pressure drop (ΔP*) and (c) χ para-
meter, for 3 × 3 porous blocks, [∅I = 0.75, Re= 1000, γ=100 and Pr= 0.7].
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porous medium equations. A FORTRAN in-house code prepared for this
purpose, is used for numerical simulations by FVM and simple algo-
rithm.

• In the first section, to investigate effects of variable permeability
distribution on flow field, Constant, Increasing, Decreasing,
Sinusoidal and Cosine patterns are simulated. Results indicated that,
the most optimal patterns are sinusoidal, increasing, cosine, and
decreasing respectively for Re= 400–500. But, sinusoidal, de-
creasing, cosine, and increasing patterns are the most optimal pat-
terns in Re= 500–1000 respectively. Finally, largest performance
parameter (χ) among all the Reynolds numbers is sinusoidal pattern.
It is necessary to mention that χ within the above-mentioned
Reynolds numbers for sinusoidal pattern increased by 9.5 times in
comparison with constant pattern.

• In the second section, changes in average Darcy number in variable
(Decreasing) pattern simulated and compared with the Constant
pattern. The results indicated that heat transfer in variable pattern is
more than constant one especially in large Reynolds numbers. Also,
pressure drop has increased a little in Re=1000.

• Upon changing Darcy domain with constant and variable average
Darcy, it found that Darcy domain will also affect heat transfer and
pressure drop like the average Da changes. The results indicated that
optimal system mode is matched with the designed system re-
quirements. In case the systems need to increase heat transfer, a
mode with larger Darcy domain must be used in which pressure
drop has to be specifically very high. On the other hand, a mode
with smaller Darcy domain has to be used in a system in which both
heat transfer and lower pressure drop are required.

• Changes in Da distribution using variable average Da indicated that
heat transfer and pressure drop decrease upon increasing the per-
meability. However, performance parameter decreases due to the
lager changes of pressure drop compared to Nusselt number.

• Finally, by using changing the internal structure of porous medium,
some new patterns was presented to increase the system perfor-
mance. These methodology is introduced by changing the perme-
ability distribution in geometrical patterns and control them the
variable permeability domain and average which named as variable

Fig. 16. Patterns of changing Darcy number of column 2 with constant Darcy
number for columns 1 and 3 for Decreasing pattern.

Fig. 17. Effects of changing Darcy number of column 2 with constant Darcy
number for columns 1 and 3 on (a) Nusselt number (Nu), (b) pressure drop
(ΔP*) and (c) χ parameter, for Decreasing pattern, [∅I = 0.75, Re=1000,
γ=100 and Pr= 0.7].
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bi-disperse porous medium (V-BDPM) in this research. The men-
tioned methodology increased the system performance of the pre-
vious works in BDPM up to 9.5 time in different patterns in this
study. Also it could be control to achieve a more optimal system by
controlling the permeability domain and average.

List of symbols

CF inertial coefficient, dimensionless
d size of the electronic component, m
d∗ size of the electronic component (d/H), dimensionless
D porous block size, m
D∗ porous block size (D/H), dimensionless
Dh hydraulic diameter of the channel (4WH/2(W + H)), m
Da Darcy number (K/H2), dimensionless
H depth of the channel, m
k thermal conductivity, Wm_1 K_1

K permeability of the porous medium, m2

L length of the channel, m
L∗ length of the channel (L/H), dimensionless
n number of electronic components in the first column of n×n

block configuration
N number of porous blocks in the first column of N×N porous

blocks array
Nu Nusselt number, dimensionless
p pressure, Nm_2

ΔP∗ pressure drop, dimensionless
Pr Prandtl number

′′′Q volumetric heat generation, Wm_3

Re Reynolds number based on hydraulic diameter of the channel
(uinDh/ν)

ReH Reynolds number based on depth of the channel (uinH/ν)
T temperature, K
u.v velocity components along the x and y-axes, respectively,

ms_1

u∗.v∗ velocity components along the x and y-axes, respectively,
dimensionless

W width of the channel, m
W∗ width of the channel (W/H), dimensionless
χ performance parameter, dimensionless
x.y coordinates, m
x∗.y∗ coordinates, dimensionless
Greek symbols

α thermal diffusivity, m2 s_1

δ macro-pore channel width, dimensionless
γ thermal conductivity ratio (keff/kf), dimensionless
∅ volumetric porosity, dimensionless
μ dynamic viscosity, kgm_1 s_1

ν kinematic viscosity, m2 s_1

θ temperature, dimensionless
ρ density, kg m_3

ψ* stream function, dimensionless
Subscripts

Cf clear fluid
eff effective
E external, macro-porous medium
f fluid
gen generation
in inlet
I internal, micro-porous medium
max maximum
out outlet
pm porous media
s solid, surface
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijthermalsci.2019.106004.
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