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Abstract—This work aims to provide a comprehensive study on
the heat transfer and entropy generation rates of a horizontal channel
partially filled with a porous medium which experiences internal heat
generation or consumption due to exothermic or endothermic
chemical reaction. The focus has been given to the local thermal non-
equilibrium (LTNE) model. The LTNE approach helps us to deliver
more accurate data regarding temperature distribution within the
system and accordingly to provide more accurate Nusselt number and
entropy generation rates. Darcy-Brinkman model is used for the
momentum equations, and constant heat flux is assumed for boundary
conditions for both upper and lower surfaces. Analytical solutions
have been provided for both velocity and temperature fields. By
incorporating the investigated velocity and temperature formulas into
the provided fundamental equations for the entropy generation, both
local and total entropy generation rates are plotted for a number of
cases. Bifurcation phenomena regarding temperature distribution and
interface heat flux ratio are observed. It has been found that the
exothermicity or endothermicity characteristic of the channel does
have a considerable impact on the temperature fields and entropy
generation rates.

Keywords—Entropy generation, exothermicity, endothermicity,
forced convection, local thermal non-equilibrium, analytical
modeling.

1. INTRODUCTION

HERMAL systems can be analyzed with two different
perspectives: the first law or the second law of
thermodynamics. If the first law of thermodynamics is used
for an optimization, the studied system neglects the quality of
the process. This approach does not connect the heat flux of a
system to its temperature and does not pay attention to the
irreversibility of a considered thermal process [1]-[3]. Due to
these negative points, the second law has been recently
considered for optimization of a thermal process or system.
The second law of thermodynamics gives researchers a
powerful tool to monitor a system qualitatively. This method
constructs fundamental formulas to calculate entropy
generation within a system and accordingly realize the
reversibility level of it. By employing the second law of
thermodynamics, it is possible to optimize a thermal process,
so that less entropy is generated and consequently less exergy
is destructed.
Channels under forced convection are an important part of
thermal systems. Recently, heat transfer and entropy
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generation analyses in horizontal channels which are
completely or partially filled with porous media have attracted
considerable attention. Although the local thermal equilibrium
model [4] has been used a lot in this regard, the local thermal
non-equilibrium (LTNE) model [5] is the focus of the research
community these days. It is due to the fact that in many
emerging fields such as MEMS, nuclear engineering, etc., the
accuracy of the reported data is extremely important [6].

There have been a number of publications regarding the
heat transfer within porous media under LTNE conditions.
One of the pioneering works in this area has been done by
Nield [5]. Following Nield’s persuasive work, many scholars
have tried to reexamine thermal porous systems from LTNE
perspective [7]-[12]. Khashan et al. [7] reexamined the
classical problem of steady state fluid flow and heat transfer in
a porous pipe using SIMPLE algorithm under LTNE model.
Effects of different values of Reynolds and Biot numbers on
the temperature contours and other thermal characteristics of
the system were investigated. Ouyang et al. [10] used three
different fundamental LTNE models in a channel. By using
the classical definition of the thermal entry length based on the
Nusselt number, the dimensionless thermal entry length was
predicted. Dehghan et al. [11], [12] considered both Darcy and
Forchheimer terms into the momentum equation, without
viscous dissipation in energy equations. Perturbation
technique was used to tackle the governing equation due to the
nonlinearity of the problem imposed by Forchheimer term.
The semi-analytical solution for the temperature and
accordingly Nusselt number was derived. Comparisons were
also made to previous publications, and good agreement was
observed.

Ochoa-Tapia and Whitaker [13] were the first scholars to
consider a geometry partially filled with porous media. The
partial filling is an effective avenue to circumvent significant
pressure drop in a porous system [14]. By adopting this
approach, one can use the positive effects of a porous medium
within a thermal system, while maintaining the pumping
power and consequently expenses within a plausible
framework. Yang and Vafai [15], [16] provided three different
main models for the interface condition together with their
analytical solutions. They have discussed the limitations of
each model and given illustrative figures regarding the
variation of the Nusselt number in each model. Xu et al. [17],
[18] analytically solved the flow field and energy equation for
a parallel-plate channel [17] and a pipe [18] partially filled
with porous media attached to the inner wall of each
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geometry. Convective boundary condition was considered at
the porous fluid interface. They have illustrated the
temperature  distribution with different thermophysical
parameters and showed that Nusselt number is decreased if the
channel is fully filled with porous media. More recently, [19]
and [20] have opted in favor of differences between resultant
temperature distribution and Nusselt value for two different
interface heat flux models, namely as models A and B.

Recently, [21] have accomplished a study in porous media
using LTNE conditions. The hydrodynamic and thermal
analyses between two parallel plates with a porous medium
were investigated. The velocity and temperature fields were
analytically investigated, and accordingly, local and total
entropy generation rates were addressed. Torabi et al. [22]
have opted in favor of heat transfer and entropy generation in
a horizontal channel partially filled with porous media using
LTNE model. They used asymmetric boundary conditions for
the channel and incorporated the viscous dissipation term into
the energy equations. For the first time, they have reported a
bifurcation phenomenon for the total entropy generation rate.

This work is a comprehensive study on the heat transfer and
entropy generation within a horizontal channel under forced
convection which is partially filled with a porous medium.
The Darcy-Brinkman model for the momentum equations are
used, and internal heat generation or consumption is
incorporated into the energy equation. These internal sources
can model the exothermic or endothermic chemical reactions
which occur in various processes [23], [24].

II. MATHEMATICAL MODEL

Consider a rectangular channel subjected to uniform and
equal heat fluxes on the upper and lower surfaces. The channel
is partially filled with a porous medium as it has been shown
in Fig. 1. Constant thermophysical properties for both solid
and fluid phases are assumed. This study assumes laminar
flow, fully developed velocity, and temperature fields, Darcy-
Brinkman model for momentum equation in the porous
material, and homogeneous and isotropic characteristics for
the porous structure. Bearing these assumptions in mind and
considering LTNE models, the momentum, and energy
equations are written as follow.

Momentum:
—Sfi+ f%:o 0<y<h, (1)
—g§+%ﬁi?j—€?mz=o h, <y <h (1b)
Energy:
PCUs %:kf a;nyzl +s,  0<y<h (2a)
pcpufzatﬁzke,%myasf (T,-Tp,)+s; h<y<h (2b)

(2¢)

Ozkesayizs_hsfasf (Ts_Tf2)+ss hC§y<h

where the 4. —# is effective viscosity. The boundary
&

conditions for the above system of equations are as follows:

y=o:6u“:o,6T”=0 (3a)
oy oy
au ou (3b)
y =h, U =Up,, 4 Wfl:ﬂeff a}f/z >
f anl = kef an 2 +kes aTS >Tf1 :Tf 2 :Ts
oy oy oy
y =hw, =0T, =T, =T, (3¢)
qw = kef 6sz +kes aTS
oy

By performing some mathematical manipulations which
have been elaborated in previous publications [20], [22] the
following energy equations for the fluid flow regions is
obtained:

h h
a, +J-O sfdy+'|‘hc s, dy _ T,

Uy, - k; —-+s, 0<y<h (42)
h h
O, +J. S; dy +Ih s dy
0 'C
uf
? hu,, (4b)
=Ky 8;1/',22 +hgag (T, -T;,)+s; h <y <h
where
1( fhe h 5
Up =F(L ug dy +Jh UfdeJ )

Fig. 1 Configuration of the Channel Partially Filled with Porous
Media

Using the following dimensionless parameters:
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into momentum and energy equations, and boundary

equations, the studied thermal system using LTNE model, can

be governed by the following non-dimensionalized equations.
Momentum:

E 7a
1+6Uf2‘ =0 0<Y <Y, (72)
oY
2 7b
1+16U7f22—u”:0 Y, <Y <1 (70)
g oY Da
Energy
2 8a
%:ia@;wf 0<Y <Y, (5)
U, ¢k oy
AU, 10% _ (8b)
U” m 6Y22+B|(95—9f2)+wf Y, <Y <1
2 8¢
O—agsz—Bi(es G,)+wW, Y <Y <1 (8c)
oY
Boundary conditions:
v —0:80 _ % (92)
oY oY
9b
Y :Yc:UH:UfzaaU”:l(anz, ( )
oY g oY
1066, 106, a6,
= =— +—=,6,,=6,,=0,
TR Tk oy oy mTRTH
9¢c
Y =1, =01=12%2,00% 4 _p g 00
k oy oY
where
1 1
A:1+I0Wde +J‘chsdv (10a)
Yo 1
Un =L Uy,dY +LCUfde (10b)

By decoupling the energy equations of the fluid and solid
phases in the porous medium, these two equations can be
independently introduced as:

AU, 1089, dw, (11a)
U, a¥> kay* ov?

2
+Bi [AL;J”(H;J iYgfzz W WSJ

o', ow, (11b)
= +
oyt oy’
2
-Bi —I(A&+(1+k)a€52+kwf +kw
U, oY

III. ENTROPY GENERATION

Considering LTNE model, the following formulas are valid
for the volumetric rate of local entropy generation within the
fluid phase of the porous medium, the solid phase of the
porous medium and fluid phase of the clear region,
respectively [25]-[27]:

: ke | (0T ’ oy, ’ 4 [ ouy, ’
" _ Hi <v<h
S szl {[ OX ] +[ oy ] +Tf1 oy 0=y=h (123)

2 2
S}mz:ke; CAIEN B (CLTEN N uf, +
T2 | ox oy KT¢,
2 2 (12b)
hoa (T -Tea) | [%j h <y <h
TsTfZ Tf 2 6}/
S kes aTS ’ 6T5 i
Ss = 2 +
T2 ax oy
(12¢)

2
+hsfasf(Ts*sz) h <y <h
TsTf 2 °
By employing the dimensionless parameters introduced in
(6), the dimensionless local volumetric entropy generation
rates are given by

1 Y, 2 ,
1+ l)Wde+J.” w,dY +[66”j

Y (Pe/k)U,, oy
i Br[ o J (13a)
1= + 2
(6, +8) ek(6,, +B)
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k(t9f2+B)2
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Gy h
thermophysical properties of the channel. The dimensionless
total entropy generation rate for the channel is given by:

where the parameter and depends on the

Y, 1
Nt:L N " dY +L (N[, +N )Y (14)

IV. SOLUTION PROCEDURE

The velocity fields within porous and clear regions are
obtained as

U,, :—%Y 2+C1Y +C, (15a)
U., =C,sinh Yi +C, cosh Yi +Da (15b)
e JDa/e ! JDa/e

The temperature distributions using LTNE model within
both porous and clear regions are obtained as:

“Laveilacys
kel 12 3

1 +ACY *-U w2
O == +DY +D,
2 u

m

(16a)

AkDa® (Y
-1 £ JDa/e

6. - —
" (Akpa+e) JAkDal (Y
£ JDa/e (16b)

D, cosh(\=kAY | D, sinh({-kAY ) Ay
. AL

KA, KA, 2A,
+DY +Dg

B, cosh Y
D&’ JDa/e B

= —4y?
* ¢(B,Da+e¢) v 2B,
JDa/e

_%:cosh( -AY )+%Sinh( -AY )+D9Y *Du

+B3sinh[ (16c)

The ten unknown parameters D, —-D,, are obtained

numerically using the fsolve command in Maple 17. The

correctness of the solution procedure has repeatedly been
verified in our previous work [22], [28].

V.RESULTS AND DISCUSSION
Fig. 2 shows the effect of thermal conductivity parameter,

ie., K, on the temperature field within the channel. It has
been observed that when the thermal conductivity ratio is
equal to unity the difference between the temperatures of the
solid and fluid phases of the porous section is very small.
However, when the thermal conductivity ratios are smaller or
bigger than unity, the temperature difference between two
phases are larger. Moreover, with used parameter values
within the system, it is seen that the temperature of the solid
phase with the porous medium of the channel can be lower or
higher than the temperature of the fluid phase. The bifurcation
phenomenon is clearly seen from Fig. 3.

1

Da=10"%7,=03,e=09
W lw = 1,8i=1

Fig. 2 Dimensionless temperature distribution with different values
for the thermal conductivity ratio using Da =10

Da=10"e=09
k=5w=1w=1E=1

0.8

06 =

(.4 4

0.24 -~ -

Fig. 3 Dimensionless temperature distribution with different values
for the clear section thickness using K =5

When the clear section has 0.1 height, the solid phase of the
porous section has higher temperature compared with the fluid
phase. However, when the clear section height is chosen 0.3 or
0.5, this behavior changes and the temperature of the fluid
phase becomes higher than the temperature of the solid phase
within the then porous medium. Effects of exothermicity or
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endothermicity on the temperature distribution have been
plotted in Fig. 4. As expected, the less exothermic is the
thermal system; the lower is the temperature distribution.
Moreover, when the exothermicity of the studied system is
lower, the difference between the temperature distributions of
the solid phase and fluid phase within the porous section is
lower, which can be seen clearly from Fig. 4.

Da=10"7¥ =03,6=09
k=1,Bi=1

Fig. 4 Dimensionless temperature distribution with different values
for the energy sources

Fig. 5 shows the effect of clear section thickness on the
local entropy generation within the channel. As it can be seen
from this figure, changing the clear section thickness from 0.3
to 0.4, decrease the local entropy generation rate in each
section of the channel by four to fivefold. Fig. 6 compares the
local entropy generation rate with two different Darcy
numbers. As it can be seen from this figure, decreasing Darcy
number increases the local entropy generation rate within the
thermal system. It can be expected due to the fact that
decreasing Darcy number increases the maximum temperature
difference within the system, that has been shown in previous
publications [22], which can increase the irreversibility and
consequently the entropy generation of the system.
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Fig. 5 Local entropy generation rate using Y, =0.3 andy_ =04
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Fig. 6 Local entropy generation rate using two different Darcy
numbers

Fig. 7 is a sample calculation regarding the total entropy
generation rate within the system. The most important
observation which can be seen from this figure is that the total
entropy generation rate starts to decrease by increasing the
clear section thickness sharply, its reaches a minimum value
and then starts to increase by a slight amount. This figure
proves that, within the studied system and with used parameter
values, the total filling is the worst case from the second
thermodynamics law of perspective. However, with partial
filling, the total entropy generation rate can be minimized and
the optimum value of the parameter Y, which has a direct
connection with the porous thickness of the system, can be

achieved. The total entropy generation rate increases with
thermal conductivity ratio, as it can be seen from Fig. 7.

Da=10"2%¢= 0.9,w=w, =1
Bi=1,8Br=10,B=10,Pe=10)

k=0.51,2
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Fig. 7 Total entropy generation rate versus the clear section thickness
with different thermal conductivity ratios

VI. CONCLUSIONS

A two-dimensional, axisymmetric channel with porous
inserts attached to the walls and under constant wall heat flux,
was considered. It was assumed that the solid and fluid phases
could feature internal heat sources and the system is under
LTNE. The problems of forced convection and entropy
generation were investigated in this configuration. In keeping
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with the previous investigations, it was shown that the
existence of internal heat sources could heavily affect the
thermal equilibrium state. Analysis of the local generation of
entropy revealed that this property of the system is heavily
affected by the configuration of the channel. Considering the
total entropy generation in the channel, an optimal value for
the thickness of the porous insert was found, and the
influences of pertinent parameters upon this optimal thickness
were discussed. The results of this work provide a guide
through the complex physical behavior of fluid conduits
partially filled with porous media, which include internal heat
sources.
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