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1 INTRODUCTION

ABSTRACT

The second laws of thermodynamics were investigated
analytically for a two-dimensional, partially filled porous
channel. The porous layer is attached to the channel walls in the
first test case and inserted into the channel core in the second
one. The flow is laminar, incompressible, and steady with
constant wall temperature. Considering viscous dissipation
effects, new analytical solutions for temperature, velocity,
Bejan, and entropy generation number profiles were obtained.
The results of the new analytical solutions were validated
against the numerical results of the lattice Boltzmann method
(LBM), which show very good agreement. Using these
analytical solutions, a detailed analysis of the effects of the
Brinkman number, Darcy number, and the porous layer
thickness on entropy generation and Bejan numbers was carried
out for the mentioned test cases. The results show that with the
increase of Br and Da numbers for all investigated porous
geometries, entropy generation, and Bejan numbers increase.

Since the porous media is used in many devices
such as heat pipes, heat exchangers, cooling
electronics, thermal insulation of homes, energy
storage devices, oil resources, drying processes,
and geothermal applications, etc., in recent
decades, many scientists and researchers have
researched forced heat transfer in porous media.
Channels and pipes that are filled with porous
media (fully or partially) are frequently used in the
mentioned industries. Porous media in these
devices is often used to increase the rate of heat
transfer from the walls. For instance, Jiang et al.
[1] conducted an experimental study on heat
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transfer in a fully filled porous channel. They also
investigated this problem [2] numerically and
showed that porous media have a significant
impact on the increase in heat transfer. For
instance, with the addition of the porous media, the
local heat transfer coefficient for water and air is
15 and 30 times greater than for empty channels,
respectively. The extra pressure drops (pumping
power) caused by porous media are also very
important engineering parameters in these devices.
Thus, increasing the rate of heat transfer with a
minimum rise in pressure loss is the most
important design requirement in these devices. To
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achieve this goal, the entropy analysis is a method
that has been used by many researchers. Some of
these researches are as follows:

For the first time, Bejan considered the second
law of thermodynamics in different forced
convection heat transfer problems and examined
concepts like entropy generation number,
distribution of irreversibility ratio, and entropy
generation profiles on various issues [3-4]. Since
then, a lot of research has been carried out on the
profiles of entropy generation and irreversibility in
different geometries, fluid streams, and boundary
conditions. Because of nonlinear governing
equations, most of them were analyzed
numerically, and very few were solved
analytically. Tasnima et al., in 2002 [5], according
to the first and second laws of thermodynamics,
analyzed heat transfer in a vertical channel fully
filled with porous media under the influence of a
magnetic field analytically. Allouache and Chikh
in 2004 [6] analyzed entropy generation due to
heat transfer and friction numerically in a double
tube heat exchanger that is filled with porous
media (fully and partially). Their goal was to find
the optimal conditions that reduce the entropy
generation. The effects of porous media thickness,
permeability, and effective thermal conductivity
are studied. Morosuk, in 2005 [7], examined the
entropy generation due to fluid flow in a conduit
partially filled with porous medium, analytically
and numerically. The wall temperature of the
conduit was constant. The flow was Laminar, and
forced convection heat transfer was assumed. The
effects of porous media thickness and permeability
on the entropy generation rate were examined.
However, the viscous dissipation was ignored. The
results showed that for Da numbers greater than
10+ analytical solution is very accurate.
Moreover, the maximum entropy generation
occurs at the porous plane interface, and its
minimum is where the velocity becomes
maximum. Mohamed et al. in 2011 [8] examined
laminar forced convection heat transfer in a tube
fully and partially filled with a porous media in
three different cases. In this research, the effect of
the viscous dissipation on the temperature profile
was ignored. They studied the impact of the outer
radius of the porous media and Da number on the
velocity profile, local Nusselt, average Nusselt
number, and pressure loss. They showed that, in
the presence of the porous media, the average
Nusselt number increases, and the hydrodynamic
entrance length decreases. However, any increase
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in the radius of the porous layer over a critical
value has a negative impact on the thermal
performance and pumping power. Cimpean and
Pop in 2011 [9] analyzed a mixed convection and
entropy generation for a fluid flow through a
porous medium between two inclined parallel
plates. They developed analytic profiles for
temperature and velocity and hence estimated the
entropy generation. The optimum values of
parameters such as Pecklet and Bejan numbers and
the inclined angle were calculated by minimizing
entropy generation. Hooman, in 2008 [10], studied
fully developed flow in a channel filled with
porous media numerically and analytically and
showed that for small shape parameters (compared
to unity), the velocity profile depends on the
Forchheimer number. However, as the shape
parameter increases, the central region containing
a relatively uniform velocity distribution spreads
further toward the walls, and the effects of form
drag become less significant. Further, they
indicated that, with an increase in either the
Forchheimer number or shape parameters, the
value of the Nusselt number increases.

Viscous dissipation has a significant impact on
the temperature profile, heat transfer rate, and
entropy generation number, especially in porous
media problems. Nield [11] showed that in porous
media problems, the effects of viscous dissipation
depend on the ratio of the Brinkman number to the
Darcy number. Since Darcy is almost a small
number and it is placed in the denominator, this
ratio is greater than unity, even for small Brinkman
numbers. That is why the viscous dissipation is
important in porous media. However, relatively
few researchers have considered this parameter in
the literature. Some of the research considering
this parameter is listed below:

Mahmud and Fraser in 2005 [12] studied the
fully developed forced convection and entropy
generation in a fluid-saturated porous medium
channel bounded by two parallel plates
analytically and numerically. They mentioned the
Darcy number as an important dimensionless
parameter that affects the velocity and temperature
profiles. After solving the governing differential
equations with reasonable approximations, they
obtained analytical relations for velocity,
temperature, Nusselt number, entropy generation
rate, and heat transfer irreversibility. The results
indicated that, at low Darcy numbers, Nusselt and
average Nusselt show a linear relationship with
Darcy on a log-log graph. Additionally, results
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obtained by numerical calculations showed
excellent agreement with analytical results.
Hooman and Ejlali, in 2007 [13], investigated
the thermal development of forced convection in a
circular tube filled with a saturated porous medium
with uniform wall temperature. Effects of viscous
dissipation were included. The temperature
profile, Nusselt number, Bejan number, and the
dimensionless entropy generation rate in the
asymptotic region were obtained using the
perturbation method. The perturbation method
employed was previously developed by Hooman
and Ranjbar-Kani in 2004 [14]. In 2007 [15],
Abbassi analyzed the entropy generation in a
uniformly heated microchannel heat sink (MCHS).
They proposed analytical relations for local and
average entropy generation rates in dimensionless
form. The effect of parameters such as channel
aspect ratio, group parameter, thermal
conductivity ratio, and porosity on thermal and
total entropy generation was investigated. Hooman
et al. in 2008 [16] investigated entropy generation
for thermally developing forced convection in a
porous medium bounded by two isothermal
parallel plates analytically based on the Darcy flow
model. They took into account the viscous
dissipation effects in their calculations. Chauhan
and Kumar in 2009 [17] investigated fully
developed forced convection in a circular channel
filled with a highly porous medium saturated with
a rarefied gas and uniform heat flux at the wall in
the slip-flow regime. They formulated entropy
generation due to heat transfer and fluid friction
using the Darcy extended Brinkman-Forchheimer
equation. The effects of slip and other parameters
on the Nusselt number and entropy generation rate
were examined. The results indicated that, for
small slips at the wall, the velacity slip increases
the Nusselt number, and the temperature slip
decreases it. Additionally, the total entropy
generation number attains high values in the region
close to the duct walls. In 2011 [18], they
investigated the characteristics of the first and the
second law of thermodynamics in a compressible
fluid flow inside a composite channel partially
filled with a porous medium. They obtained
velocity distribution, temperature distribution, rate
of heat transfer, entropy generation number, and
Bejan number for both porous and clear fluid
regions analytically. The focus of this study was
on the viscous dissipation effects on heat transfer.
In 2013 [19], they investigated a non-Newtonian
third-grade fluid flow in an annulus partially filled
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by a porous medium of very small permeability.
Velocity and temperature fields were solved
analytically by the perturbation series method.
They assumed Reynolds’s model to consider the
variation of fluid viscosity with temperature. All
calculations in the three papers were performed by
considering  viscous dissipation completely
(including Darcy and Brinkman terms) [17-19].
Makinde and Eegunjobi in 2013 [20] numerically
studied the combined effects of convective heating
and suction/injection on the entropy generation rate
in a steady flow of an incompressible viscous fluid
through a channel with permeable walls. The effects
of the influential parameters like Reynolds, Eckert,
Prandtl, and lower and upper walls Biot numbers on
the fluid velocity, temperature, entropy generation
rate, and Bejan number were analysed. They
showed that the entropy generation rate increases
with increasing values of the lower and upper walls
Biot numbers. Additionally, an increase in Re
decreases the Bejan number at the lower wall region
and increases it at the upper wall region.

Kamish in 2009 [21], analytically examined the
flow of an incompressible fluid confined in a
planar geometry that is filled with a homogenous
and isotropic porous medium. The effects of
viscous dissipation were included in their analysis.
They determined the unsteady state and steady
state velocities, the temperature, and the entropy
generation rate as a function of the pressure drop,
Darcy number, and Brinkman number. They found
that these parameters affect the temperature
distribution in a similar way. Moreover, they
showed that the deviation from the linearity of the
temperature profile increases with increasing
Darcy and Brinkman numbers. Hooman et al. in
2008 [22] investigated the entropy generation due
to forced convection in a plane channel filled by a
saturated porous medium numerically. Viscous
dissipation was entirely considered in their model.
They found that regardless of the boundary
condition, increasing the porous media shape
factor and the Brinkman number and decreasing
the dimensionless heat flux or temperature
difference increases the dimensionless degree of
irreversibility of the problem.

Salimi et al. investigated the flow and heat
transfer from a porous cylinder and a rigid cylinder
covered with a layer of porous medium by a hybrid
lattice Boltzmann-Navier-Stokes method [23-26].
In another study, they investigated the interaction
between a porous layer and an impinging jet from
the perspective of the second law of



Effect of Viscous Heating on Heat Transfer and Entropy Generation
inside a Partially Filled Porous Channel

thermodynamics [27]. In addition, they have
conducted research on rarefied gas flow inside
porous media [28-29].

Zahor et al. in 2023 [30] and Mebarek-Oudina
et al. in 2024 [31] researched the entropy
production of nanofluids in a porous medium
under the influence of a magnetic field. Their
research was conducted with the aim of
investigating the performance of thermal systems
under the influence of a magnetic field.

To the best of the author’s knowledge, there is
no analytical solution in the literature for flow and
heat transfer in a channel partially filled by porous
media, including the Brinkman term in the
momentum equation and the viscous dissipation
term in the energy equation. Thus, in the present
research, an analytical solution is developed to
analyze temperature and velocity fields in a
channel that is partially and fully filled with porous
media. As mentioned before, the Brinkman term in
the momentum equation and the viscous
dissipation term in the energy equation are
considered. Based on the obtained profiles for
temperature and velocity, the entropy generation
number and Bejan number are calculated
analytically. Then, the effects of parameters such
as Darcy number, Brinkman number, and
thickness of the porous media on Bejan and
entropy generation numbers are analyzed in detail.

2 GOVERNING EQUATIONS

In this section, the momentum and energy
equations are presented in non-dimensional form
for flow inside and outside of the porous medium.
Additionally, the entropy generation equation in
heat transfer problems, including porous media, is
described. Definitions for entropy generation and
Bejan numbers are also presented here.
Momentum and Energy Equations: The two-
dimensional momentum and energy equations for
thermally fully developed flow inside a channel
partially filled with porous material are as follows:

2
aiu — _iu — Re[apj’

y? Da X in porous (1)
o%u op

~z=" Re(axj’ in Fluid @)
%0 _ g vt (au)

. N Da’ EIR in porous 3)
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where K. and k, are the effective conduction

coefficient in porous media and the conduction
coefficient of fluid, respectively. In the above
equations, the independent and dependent
variables are non-dimensioned as:
T-T, T-T, U,
19_Th—TC_ T L ®)

wheret, 71, L and y.are the maximum

temperature, minimum temperature, characteristic
length, and characteristic velocity scales,
respectively. Additionally, the flow Reynolds
number re, Darcy number pa , and Brinkman
number Br are defined as follows:

2
Re:&, Da:K Br:&

u B kAT (6)
where K is permeability.

Entropy Generation Equations in Fluid
Region: Based on Bejan descriptions, fluid
viscosity, and its related losses, as well as heat
transfer, are two main sources of irreversibility in
heat transfer problems. On this basis, the following
formula for the entropy generation is presented [32].

2 2 2
: - ou.
S’”=L2 oT AP ou; . ou; LM ,
T2 ox ) T, | \ax X, ox U]

where 4 is fluid viscosity, and k is the heat

conduction coefficient. Bejan divided the above
equation by a characteristic rate of entropy
generation, defining the non-dimensional entropy
generation rate. Therefore, he introduced the number
of entropy generation as a measure of performance in
engineering systems. The characteristic rate of
entropy generation is as follows:

: } {k(AT)Z}
S. = = (8)
¢ {kTOZ LTS
where q is the rate of heat transfer, L is the

characteristic length, t is the reference

temperature, and AT is the characteristic
temperature difference. The first part in Eq. (8) is
used when heat flux is defined, and the second part
is used when temperature difference is defined.
Now, dividing Eq. (7) by Eqg. (8), the entropy
generation number is obtained as:
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where Q is the group parameter, and defined as:
AT

Q=3 (10)

As mentioned previously, the first term in Eq.
(9) is the irreversibility due to the thermal
conductivity, and the second term s the
irreversibility due to friction. In many engineering
problems, identifying the contribution of each of
these two terms is important. Irreversibility
distribution ratio (¢) is a non-dimensional

number that defines the contribution of each of
these two terms. This number is the ratio of
viscous irreversibility to heat transfer one. Another
important non-dimensional number is the Bejan
number. This number is the ratio of entropy
generation due to heat transfer to the total entropy
generation. The Bejan number is identified with
Be and is related to the irreversibility distribution
ratio “ ¢ as below:
1
Be:m (11)

Therefore, “Be” changes from zero to one.
When this number is close to zero, indicating the
dominance effects of viscosity and friction losses,
and whenever it is close to one, the contribution of
heat transfer in entropy generation increases.

Entropy Generation Equation in Porous
Media: The entropy generation term in porous
media is calculated as follows [11]:

K 2 ) 2 7 2
S’":szf al +£ iu|2+2 % + %+% . (12)
Ty \ OX To| K X oXj 0%
where U; is Darcy’s velocity. The last two terms

in Eq. (12) are suggested by Al-Hadhrami [33] to
modify the behavior of the model in large Darcy
numbers and at a porous-plane interface. With the
addition of these terms, the presented model
reduces to Eq. (7) in free flow since the
permeability coefficient goes to infinity in free
flow. Note that Eg. (12) is derived with the
assumption of local thermodynamic equilibrium in
porous media, regardless of the heat dispersion
effects. Now, by dividing Eq. (12) by Eq. (8)
and substituting the non-dimensional relations
Egs. (5-6), the entropy generation number is
obtained as follows:
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2 2 2
. ~au,
N = Q0] LB Ly, g i) YL
X,) Q|Da ox, X, oX, (13)

As shown in Eg. (13), the first term in the
bracket is divided by Darcy’s number. This term
represents the viscous dissipation in porous media.
Since the Darcy number is usually small in porous
materials, viscous dissipation is more important in
porous media compared to free flow [34]. Note,
since in the present research, the Reynolds number
inside porous media is assumed very low, the
contribution of the Forchimer term in viscous
dissipation is neglected.

3 PROBLEM DESCRIPTION AND
VALIDATION

In this section, the problem description and
boundary conditions for three-channel geometries
are presented. In the first case, the channel walls are
coated with porous media. In the second case, the
porous insert is located in the middle of the channel,
and in the third case, the channel is filled completely
with porous media. To validate the proposed
analytical solutions, the profiles of temperature,
velocity, Bejan, and entropy generation numbers
are compared with the numerical results of the
lattice Boltzmann method. The D2Q9 model with a
multiple relaxation times collision operator has
been used to simulate the flow field, while the
temperature field is simulated using the second-
order upwind finite volume method.

Channel with porous coating on the walls:
The schematic of problem geometry and boundary
conditions are shown in Fig. 1. To solve the
momentum equations in porous media and flow
field, two equations for near walls porous layers
(Eg. 1) and one equation for the central plane
region (Eq. 2) are solved. By solving these
equations, six constants appeared, which can be
found from boundary conditions such as no-slip
wall boundaries and velocity and shear stress
continuity at the porous-plane interfaces.
Therefore, the unknown constants are determined,
and the resulting analytical solutions for plane and
porous regions are as follows:

2

y?+ Da-sech [5—4}

ap JDa

ox s—1 s?
s-y/Datanh| —= |-| Da+—
[«/Da} { 2}

u, =—Re 14)
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Dyl y
u, =-B,sinh ‘— —B, cosh| —
=B [\/Da] 2 (\/Da)
(15)
+DaRe@
OX
where y  Darcy velocities are in porous and plain

regions, respectively. The constants of g and B,
are determined as follows:

T os ] 1
sinh —— cosh{—}
Bl=\/DaReZ—S Vba—% ir -s- “Di (16)
cosh| =—= cosh| 2=
| vDa | L/Da}
[ s ] 1
cosh — smh{—}
B, =vDaReP| ypa YD) . LJDa 17)
o cosh| s-1 cosh{ S— 1}
| vDa | +/Da

Now, the ay/ay terms (in porous and plain regions)

and (in the porous region) can be calculated from
Eqgs. (14-17). By substituting these terms into Egs.
(3-4) and integrating, the analytical solution for
temperature can be derived as follows:

B’ +B; ( 2y ]
cosh
4 JDa
p y 6p)
2B, Re Da—cosh +=Re?Da
¢ x [\/Daj 2 ( v
ﬁ Slnh(ij_l —
2 JDa) +Da N
ap y ]
2B, ReDa—-sinh
OX [\/Da

k 2
g, ——~ BrRe [6pj y*
“12( k, ox (19)

+H,y+H,

Bl +B} +52 ( 2y ]

cosh -
D

6, =-Br a

2
2B, Re Daa—pcosh + 1 Re’ Da(@j y?

ox (%j 2 o
ERc ey

6, =-Br

(20)

+Br +Ey+E,

2B, Re Da—psinh(ij

ox JDa

whereg, g, are the temperature equations for

upper and lower channel walls, respectively, and
6, is the temperature in the channel central

region (plain region). The six constants of F;, F,,
E,, E,, H, and H, can be determined by
satisfying constant temperature boundary
conditions on channel walls, as well as
temperature and heat flux continuity at porous-
plain interfaces. Thus, the constants are
calculated as follows:
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where € is the upper wall temperature and the
functions of w(y) and M (y) are defined as:

B/ +B; ZyJ op [ y ]
———2coshl == |- 2B, ReDa—cosh| — |+
4 JDa 2 ox vDa

—prllrerpa Py BuBalgn 2y |2y
w(y)=-Br SRe Da(axj y 5 [smh[mj m}+ 27

op y
2B, Re Da—sinh| —
' X («/Da)

2
B +B; smh[ 2y ] 2B, Re+/D —smh( y ]4—

2/Da JDa JDa
M(y)=-Br{Re? Da(?) y- Z\B/Bf:? sinhz(ﬁ} (28)
2B, Rer—cosh[\/%]

Reynolds number, according to channel width H
and maximum velocity, u,, is equal to 180. For

numerical simulations, a constant body force is
applied to drive fluid in the channel, and the
relaxation time 7 is set to 0.75. The porous media
thicknessis h=s=H/4 , and the characteristic length

scale in Darcy number isH/2. The group parameter

(Q) is set to five in calculations. Non-dimensional
temperature graphs for Br=0.02, 0.2, 0.8, 2, Da=0.1

and —£ eff = 5 are depicted in Fig. 2. As shown in this

flgure, the effects of viscous dissipation for Br <0.02
are negligible, because temperature in porous media
and plain region changes approximately linearly. Fig.
3 shows the entropy generation profiles for different
Br numbers. It is evident from this figure that the
discontinuity in temperature profiles at the porous-
plain interface creates a similar discontinuity in
entropy generation number.

U)=VE)=0  TH)=T,

Plain Media

aporag

UCH=V(H=0  TCH)=T,

Fig. 1. Schematic and boundary conditions of the channel
with porous coating on walls
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Channel with porous insert at the canter:
The schematic of the problem and boundary
conditions are shown in Fig.4. An analytical
solution considering viscous dissipation for
these geometries and boundary conditions is
obtained. Similar to the previous problem, Egs.
(1-4) are solved here to determine flow and
temperature fields. By integrating Eqs. (1-2),
velocity profiles in porous and plain regions are
obtained. Again, no-slip boundary conditions
on the channel walls and continuity of velocity
and shear stress on the porous-plane interface
are used to calculate six integration constants.
The resulting velocity profiles are as follows:

R
uf_—ea—py +By|+B, —1<y<—%&%<y<1 (29)
u, =Ccosh y DaReap —i<y<*S (30)
: Joa ox HOOH

Where the constants of C,
determined as follows:

B,andB, are

2
op Da—%+s—%
C=Rea— (31)
Xcosh( S ]+1_ssinh[ S J
vDa +Da vDa
c . S op
=——=-sinh —Re—=s 32
% vDa [\/Daj X (32)
C op
B, =———=sinh +(s—-0.5)Re— 33
2 Ba (ﬁDaj ( ) . (33)
3‘?.‘..‘0;5‘.,‘?‘.‘.0'.5,..._3
E Numerical ]
2.5k ¥ Analytical |, 5

Y/H

Fig. 2. Temperature profiles for channel with porous
coating on walls (different Br Numbers).
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3s¢ —05, (N —35

Numerical ]
Analytical 130

Fig. 3. Entropy generation profiles in the channel with
porous coating on walls in different Br numbers

UD)=vVI)=0  TEH)=Ty
Plain Media ¢|Y

Plain Media

apordg
apouag

UCH=VEHE=0 TCH)=T,

Fig. 4. Schematic and boundary conditions of the channel
porous insert at the center

Now, the terms of ou/oy and u® can be

calculated from Egs. (29-33). By substituting these
terms in Eqs. (3-4) and perform integration, the
analytical solutions for temperature are obtained as
follows:

0, =, (y)+Fy+F, —1<y<—% (34)

O = 0y (y)+E1y+E2 %<y<1 (35)

Qp:a)p(y)+H1y+H2 —i<y<% (36)

H
Whereg, (y) and o (y) are calculated as

follows:

K, 12 ox
o; (y)=-Br k” ; . (37)
B P 3 2
—LRe— —_1
SR LANER.
c? 2y op
—cosh[ ] 2CReDa—cosh[—]
4 JD <D
w,(y)=-Br @ (38)
+= Re Da(apJ y?
2 0

The temperature derivations are computed as
follows:

do S

— | =do(y)+F —l<y<—— 39
[dyjm RS “7h (39
do S

— | =do(y)+E Z<y<l 40
(dyjm (0)+E, TR (40
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[‘”j ~ o (y)+ H,

—i<y<i (41)
dy ), H H

Where 99t (¥) and 995 (¥) are determined as:

op
+
keff 3 (an y

do, (Y):_Br_ (42)
ki |81| Re— y +BZy
ul ”J
2J_ \/Da
do,(y)=-Br 2CRe+/Da psmh(%}— (43)

Re’ Da(f—pj y
ox

The integration constants are calculated by
applying temperature and heat flux continuity at the
porous-plain interface and constant wall temperature
boundary conditions on the channel walls.

W oW
LTk k l<y<-> (44
2{ E"J+2[1—9"Js Yoy )

K, K,

£ = (Hodoy5)-dos)  S<y<t
F = i:’ (H~d, (s))+de, (5) —% <y< % (46)
F,=F-o/@) (47)
E, =00)-,(1)-E, (48)
H, = @, (s)-@,(s)+(E - H, s+ E, (49)

In the above equations, subscripts f , p, fH and
fL represent the fluid region, porous region, upper

fluid region, and lower fluid region, respectively.
The characteristic length for calculating the Darcy
number is H/2 , and the reference velocity (u,) is

0.1. The applied body force in the present problem
(dp/dx) is equal to the previous problem (channel

with porous coating on its walls) at Da=0.1. Since,
body force is kept constant, the Reynolds number
(based on channel width and maximum velocity)
is changed with the Darcy number. For instance,
the resulting Reynolds numbers for Darcy
numbers 0.001, 0.01, and 0.1 are 45, 46, and 60,
respectively. Similar to the calculations for
channels with porous coating on the walls, the
relaxation timez is set to 0.75, and the porous
media layer thickness (S ) is equal to H/2. Figure
5 shows the non-dimensional temperature profiles
in Da=0.1 andk, /k, =5. The curves are plotted in

four different Br numbers Br=0.02, 0.2, 0.8, and 2.
It can be seen in this figure that the analytical and
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numerical results are identical. Figure 6 shows the
entropy generation number N,. As shown in this

figure, there is a very good agreement between
numerical and analytical results.

Fully Filled Channel: The schematic and
boundary conditions for the present problem are
depicted in Fig.7. By solving the momentum
equation in porous media (Eg. 1) and
implementing the no-slip boundary condition on
the channel wall, we have:

op Coshly / v/Da
=-DaRe| — |1-
e e(axj{ Cosh%l/x/ﬁ )} 0
By substituting velocity (U ) and its derivative
(éu/éy) in the non-dimensional energy equation

(Eg. 3), we have:
1, 2DaC05h(y/\/ﬁ)

Cosh(1/+/Da
0= —BrDaRe? (6p) ( )
ox) | DaCosh? (y N, Da) 51)
2Cosh* (1/+/Da)
y+1[1+ BrDaRe’ ( j [1- 3Da]]
272
-1 -0.5 . 0 ) 0.5

Numerical
Amnalytical

Fig. 5. Non-dimensional temperature profiles in the channel
with porous insert at center for different Br Numbers.
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Fig. 6. Entropy generation profiles in the channel with
porous insert at center for different Br numbers
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Fig. 7. Schematic and boundary conditions of channel fully
filled with porous media.

After calculating temperature and velocity
profiles, the entropy generation number is
calculated as follows:

L

oy

Br

]Z

Q

(52)
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Fig. 8. Temperature profiles in a channel fully filled with

porous media in different Br Number.
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Where the derivatives 99 and du are as follows:
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450
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) op)) Sinhly/+/Da
(8)’]_ @Re(ax){Coshllx/Dia} =3
[69] . BrDa Re? (apjz x
oy) 2 OX
2JD_aSinh(y/JD_a)
- Cosh(l/\/ﬁ) (54)
@Cosh(y/\/ﬁ)smh(y/\/ﬁ)
+
COShz(l/\/ﬁ)

The Reynolds number, according to channel
width (H) and maximum velocity (u_), is 180.

The characteristic length scale in the Darcy
number is the channel width (H). In numerical
simulations, the applied body force is such that the
maximum velocity for relaxation time 7 =0.75 is
0.1. Figure 8 shows the non-dimensional
temperature profiles in Da=0.1, Br=0.02, 0.2, 0.8,
2, andk, /k, =5. Based on this Figure, we can

verify the performance of both numerical and
analytical methods to simulate the effects of
viscous dissipation.

Figure 9 shows the entropy generation
number n _in the mentioned Br numbers for

Da=0.1 and Q = 0.2. This Figure illustrates
very good agreement between numerical and
analytical results.

Fig. 9. Entropy generation profiles in a channel fully
filled with porous media in different Br numbers

4 RESULTS AND DISCUSSION

In this section of the article, the results of the
analytical solutions for three-channel geometries
(porous media coating on the channel walls,
porous layer inserted in the channel center, and
porous media occupying the whole of the channel)
are analyzed and compared with each other. These
results include the impact of Br, Da, and the porous
media thickness on the Be and entropy generation
Number. The non-dimensional pressure gradient is
kept constant in all calculations. This constant
pressure gradient corresponds to Re=180 for the
channel with porous coating on its walls (where
Da=0.1 and S=0.25). Note that the Reynolds
number is based on the maximum velocity and the
channel width.

Channel with Porous Coating on Walls: In this
section, the effects of Darcy number, Brinkman
number, and the porous layer thickness on Bejan and
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entropy generation numbers for the channel with
porous media coating on its walls are explained.

Figures 10 and 11 represent the non-
dimensional velocity and temperature profiles
across channel width for different Da numbers at
Br=5. As shown in Fig. 10, as the Da number
increases, since the pressure gradient is constant,
the fluid velocity in porous media increases, too.
The higher fluid velocity in porous media results
in a higher average temperature (Fig. 11) due to the
viscous dissipation term in the energy equation.

As is observed in Fig.10, by increasing the
porous media thickness from 0.25 to 0.75, the fluid
velocity inside and outside of the porous layer is
reduced. This wvelocity reduction causes lower
energy conversion due to viscous dissipation,
leading to lower average temperature (Fig. 11) and
heat transfer rate to the walls.
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Fig. 10. Velocity profiles in the channel with porous
media coating on walls in different Da numbers.
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Fig.11. The temperature profiles in the channel with
porous media coating on walls for Br =5 and
different Da numbers.

The averaged entropy generation number
graphs versus Brinkman number in various Da
numbers for three porous media thicknesses are
depicted in Fig. 12. As shown in this figure, by
increasing the Br number, the entropy generation
number increases, t0o. Because by increasing the
Br number, more kinetic energy is converted into
heat, and the average temperature gradient
increases. The higher heat transfer rate and viscous
dissipation lead to more irreversibility and entropy
generation.

As it was discussed in the previous section,
increasing the Da number leads to higher fluid
velocity and viscous dissipation, which increases
the entropy generation number. Thus, as shown in
Fig. 12, the entropy generation number rises by
increasing Da number.
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Based on Fig. 12, for the porous layer thickness of
S$=0.5 and S=0.75, the slope of the entropy
generation number graphs is steeper for higher Da
numbers.  This  behavior becomes more
pronounced at higher Br numbers and thicker
porous layers. This can be due to the strengthening
of the viscous dissipation in large Br numbers,
which increases the graph’s sensitivity to the Da
number variations.

To show the effects of Da and Br numbers on
Bejan number, the Bejan number graphs in three
different porous media thicknesses and four
different Da numbers are depicted in Fig. 13.

As indicated in Figure 13, by increasing the Br
number, the Bejan number increases for all porous
media thicknesses and Da numbers examined here.
Therefore, it can be concluded that, by increasing
the Br number, the contribution of heat transfer in
entropy generation increases (compared to the
viscous losses). Whereas the contribution of
viscosity in entropy generation is dominant for
small Br numbers (e.g., Br <1.5 for the S = 0.5).
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Fig. 12. Entropy generation number against Br number in
channel with porous media coating on the walls in
different Da numbers
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Fig. 13. Bejan number graphs versus Br number in channel
with porous media coating on walls in different porous
media thicknesses and different Da numbers

The effects of the Da number on the Bejan
number are completely dependent on the porous
media thickness. For instance, in S=0.75, the Bejan
number increases by increasing Da number,
whereas in S=0.25, the reverse is true, and in
S=0.5, the Bejan number graphs are very close to
each other. Thus, the transition occurs in the
porous media thicknesses near S=0.5. Moreover,
the sensitivity of the Bejan number to the Da
number reduces with increasing porous media
thickness.
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Channel with a Porous Insert Placed at the
Canter:

In this section, the influences of Da number, Br
number, and the porous media thickness on Bejan
and entropy generation numbers for the channel with
a porous insert placed at the canter are explained.

Figures 14 and 15 show the variation of velocity
and temperature profiles concerning the Da number
for the channel with a porous insert at the core for Br
=5and two porous insert thicknesses of 0.25 and 0.75.
As indicated in these figures, since the pressure
gradient is fixed in all cases, the mean velocity and
temperature increase with the Da number due to lower
flow resistance inside the porous layer.

In comparison with the side porous channel, the
velocity and temperature profiles for the core
porous channel are more sensitive to Da number
variations. As Shown in Figs. 14-15, even for low
porous layer thicknesses (S=0.25), the effects of
Da number are significant.
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Fig.14. Velocity profiles in the channel with porous
insert at center in different Da numbers.
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The graphs of averaged entropy generation
number versus Br number in various Da numbers
for three porous media thicknesses are illustrated
in Fig. 16. Similar to the entropy generation
number versus Br number graphs for side porous
channel (Fig. 12), for all studied porous layer
thicknesses and Da numbers, the entropy
generation number for core porous channel
increased as Br and Da numbers raised. This looks
reasonable based on velocity and temperature
profiles in Figs. 14 and 15, where velocity,
velocity gradient, temperature, and temperature
gradients (factors affecting the entropy generation)
are increased with Da number. Moreover, as
indicated in this figure (Fig. 16), the maximum
entropy generation number occurs in S=0.25.

—&—— Da=0.01
—@— Da=0.05
—a—— Da=0.1
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L 1 L L L L
0.5 1°

L L L 1 L L L
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Fig. 15. The temperature profiles in the channel with

porous insert at the center for Br = 5 and different
Da numbers.

The effects of Da number, Br number, and
porous media thickness on the Bejan number for
three porous media thicknesses are presented in
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Fig. 17. As shown in this figure, by increasing the Br
number, the Bejan number is raised in all porous
media thicknesses examined here. This indicates that
the contribution of heat transfer to the entropy
generation increases with the Br number. According
to Fig. 17, for the Br numbers smaller than 1, the
Bejan numbers for approximately all Da numbers
and porous layer thicknesses examined here are less
than 0.5. This indicates that the contribution of
viscosity and drag forces in entropy generation is
dominant for Br<1, and for Br numbers less than
0.25, the effects of heat transfer in entropy generation
can be neglected approximately. Additionally, in all
porous media thicknesses, the Bejan number
increases with the Da number. Thus, the contribution
of heat transfer to the entropy generation increases
with the Da number. By reduction in porous media
thickness, the sensitivity of the Bejan number to
changes in the Da number reduces. As can be seen in
$=0.25, the Da number changes do not have a
significant impact on the Bejan number.
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Fig. 16. The entropy generation number versus Br
number in the channel with porous insert at the
center for different Da numbers.

As shown in Fig. 17, the Bejan number reduces
with increasing porous media thickness, which is
more obvious in low Da numbers. This reflects the
fact that when the porous media thickness increases,
the contribution of heat transfer in entropy generation
reduces (especially in low Da numbers).
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Fig. 17. Bejan number graphs versus Br number in
channel with porous insert at center in different
porous media thicknesses and different Da numbers

Results of Channel Fully Filled with Porous

Media: In this section of the article, the influences
of Da and Br numbers on Bejan and entropy
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generation numbers in a channel fully filled with
porous media are investigated.

Figures 18 and 19 present velocity and
temperature profiles across the channel for Br =5
and different Da numbers. As shown in these
figures, the averaged velocity, averaged
temperature, near-wall velocity, and temperature
gradients increase with increasing Da number.

The graphs of averaged entropy generation
number versus Br number for different Da
numbers for the channel fully filled with porous
media are shown in Fig. 20. As shown in this
figure, the entropy generation number increases as
Br and Da numbers increase (same as side and mid
porous channels in Figs. 16 and 12). Based on Fig.
18, by increasing the Da number, the averaged
velocity and its gradient in porous media increase,
which causes an increase in the irreversibility due
to viscosity. Similarly, according to Fig. 19, an
increase in velocity and its gradient increases the
average temperature and heat transfer rate, so
irreversibility due to heat transfer increases.
Moreover, as shown in Fig. 20, the growth rate of
the entropy generation number increases with
increasing Br and Da numbers.

Bejan number graphs against the Br number for
the full porous channel in different Da numbers are
shown in Fig. 21. As expected, by increasing the
Br number, the contribution of heat transfer in
entropy generation increases as the Bejan number
rises. As shown in this figure, for all studied Da
numbers, the Bejan number is smaller than 0.5, and
for Br numbers, it is less than 3. Additionally, for
Br numbers less than 0.5, the irreversibility due to
heat transfer can be ignored approximately.
Comparing this result with that presented in Figs.
13 and 17 for side porous and mid-porous channels
indicates that the Bejan number of full porous
channels is less than that of partially filled
channels. Thus, the impact of hydrodynamic
irreversibility for the full porous channel is more
significant among the three-channel geometries
studied here.
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Fig. 19. Temperature profiles in channel fully filled with
porous media for Br=5 in different Da numbers.
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Fig. 20. The en_trogy generation number versus the Br
number in the channel fully filled with porous
media for different Da numbers.
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Fig. 21. Bejan number graphs versus Br number in
channel fully filled with porous media for different
Da numbers.

S CONCLUSION

In this research, we proposed some analytical
solutions for velocity, temperature, entropy
generation number, and Bejan number profiles
in a thermally fully developed porous channel.
The effects of viscous dissipation were included,
and three channel geometries of side porous, mid
porous, and full porous were studied. Our
analytical results were compared with the
numerical results of the well-known Lattice
Boltzmann Method (LBM), which showed very
close agreement. By comparison, the results of
this research can be concluded as follows:

* The entropy generation number of the side
porous channel is considerably lower than the
entropy generation number of the mid-porous
channel under the same conditions (same Da
number, Br number, and porous media
thickness).

* The Bejan number of full porous channels,
even at high Br numbers, is the lowest among
the three geometries studied here. This shows
that the share of viscosity in entropy
generation (particularly for Br numbers
smaller than 3) is more than that of heat
transfer.

Mohammad Reza Salimi

* The sensitivity of the entropy generation and
Bejan numbers graphs to the Br number in all
three geometries is noticeable. Thus, it is
very important to consider the Br number in
this kind of problem.
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