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Abstract

The entropy generation of magneto-hydrodynamic mixed convection flow of nanofluid over a nonlinear stretching inclined transparent
plate embedded in a porous medium due to solar radiation is investigated numerically. The nanofluid is made of Cu nanoparticles with
water as the base fluid. The two-dimensional governing equations, in presence of the effects of viscous dissipation, variable magnetic
field and solar radiation are transformed by similarity method to two coupled nonlinear ODEs and then solved using the numerical im-
plicit Keller-Box method. The effects of various parameters such as nanoparticle volume fraction, magnetic parameter, porosity, effective
extinction coefficient of porous medium, diameter of porous medium solid particles and Eckert, Brinkman and Hartman numbers is in-
vestigated on velocity, temperature and entropy generation number profiles. The results reveal that near to the plate surface the increase
of nanoparticle volume fraction, porosity and porous medium geometric parameter cause the entropy generation number to increase, but
far enough from the plate surface the increase of nanoparticle volume fraction, porosity and porous medium geometric parameter cause
the entropy generation number to decrease. Also the entropy generation number increases with the increase of Brinkman number and
Hartman number, and this increase is dominant near the plate surface. Closer to the plate surface the reduction of Eckert number causes

the increase of entropy generation number, but the entropy generation number increases with the increase of Reynolds number.
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1. Introduction

Fluid convection through porous medium has become one
of the interesting subjects in heat transfer field in the last three
decades. Studies show that the presence of porous medium
enhances the thermal conditions. Moreover, another subject in
heat transfer field which has been considerably taken into
account by scientists and engineers is the use of nanofluids for
thermal conductivity enhancement and finally increasing the
convective heat transfer rate. The convective heat transfer of
fluid over an inclined plate which is embedded in a porous
medium due to solar radiation has various applications such as
petroleum material production, separation processes in chemi-
cal engineering, thermal insulation systems and buildings.

Bejan and Polikakos [1] investigated the natural convection
boundary layer in porous medium for non-Darcian regime.
The mixed convection boundary layer flow over a vertical
plate in a porous medium was analyzed by Merkin [2]. Cham-
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kha [3] investigated the natural convection flow in porous
medium with uniform porosity due to solar radiation. The
MHD mixed convection flow over a vertical porous plate in a
saturated porous medium and assuming non-Darcian model
was studied by Takhar and Beg [4]. Sunder et al. [5] studied
MHD natural convection-radiation interaction along a vertical
surface embedded in a Darcian porous medium in presence of
Soret and Dufour’s effects. Ranganathan and Viskanta [6]
investigated the fluid mixed convective boundary layer over a
vertical plate embedded in porous medium. They claimed that
the viscous effects are significant and cannot be neglected.
Forced convection boundary layer flow over a vertical plate in
a porous medium was studied by Murthy et al. [7] with a non-
Darcian model.

The nanofluid heat transfer area has been given much atten-
tion by scientists in recent years. The fluids such as water, oil
and ethylene glycol mixture have low convective heat transfer
coefficient which is due to their low thermal conductivity.
Therefore, recent studies have tried to enhance the convective
heat transfer coefficient by adding nano or micro particles to
the fluid. Choi [8] was the first who worked on this subject.
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Choi et al. [9] showed that the addition of a few nanoparticles
to the flowing fluid causes the thermal conductivity enhance-
ment. Recently several works have investigated the nanofluid
natural convection such as Ghasemi et al. [10] who studied the
Cu-water nanofluid natural convection over an inclined sur-
face. S. E. B. Maiga et al. [11] investigated the nanofluid ef-
fect on forced convection heat transfer. In a paper by X.Q.
Wang [12], the performed numerical analyses on nanofluid
flow and heat transfer have been reported. Habibi Matin et al.
[13] investigated numerically the mixed convection taking
into account the effects of MHD flow of nanofluid over a non-
linear stretching sheet and viscous dissipation. Noghrehabadi
et al. [14] analyzed the boundary layer heat transfer and en-
tropy generation of a nanofluid over an isothermal linear
stretching sheet with heat generation/absorption and partial
slip. In the last decade, the nanofluid convection heat transfer
problem in porous medium has been given more attention by
researchers. For example, Ahmad and Pop [15] studied the
mixed convective boundary layer flow over a vertical plate
embedded in a porous medium filled with a nanofluid. In the
recent years, the entropy generation analysis of various flows
has also been performed for some cases. Dehsara and co-
workers [16] investigated numerically the entropy generation
in the magneto-hydrodynamic (MHD) mixed convection flow
over a nonlinear stretching inclined transparent plate embed-
ded in a porous medium due to solar radiation. S. Aboud and
S. Saouli [17] applied the entropy generation analysis to vis-
coelastic magneto-hydrodynamic (MHD) flow over a stretch-
ing surface. M. H. Yazdi et al. [18] presented a new design of
open parallel micro-channels embedded within a permeable
continuous moving surface in magneto-hydrodynamic (MHD)
flow at a prescribed surface temperature using the entropy
generation analysis. Nobari et al. [19] studied numerically the
entropy analysis in mixed convection MHD flow of nanofluid
over a non-linear stretching sheet taking into account the ef-
fects of viscous dissipation and variable magnetic field. There-
fore, it should be said that in spite of the attention to the nan-
ofluid convection flow and heat transfer problems through
porous media by researchers in the last decade, the entropy
generation analysis of nanofluid flow in porous media has not
been given much attention by researchers, such that only a few
studies have investigated this subject. Thus the present paper
aims to fill the available gap between studies of mixed con-
vection flow of nanofluid in porous media and entropy gen-
eration analyses.

The present paper studies the entropy generation analysis of
magneto hydrodynamic (MHD) mixed convection flow of
nanofluid over a non-linearly stretching inclined transparent
plate embedded in a porous medium with uniform porosity
due to solar radiation. The boundary layer equations have
been transformed by similarity transformation to two coupled
non-linear ordinary differential equations. These equations are
reduced to five first order nonlinear ordinary differential equa-
tions and then are solved using an implicit numerical method
called Keller-Box. The effects of various parameters are stud-

Fig. 1. Schematic of the physical model and system coordinates.

ied on the dimensionless velocity, temperature and entropy
generation number profiles.

2. Mathematical formulation

Steady-state two-dimensional boundary layer mixed con-
vection MHD flow of nanofluid is considered over a smooth
non-linearly stretching inclined transparent plate embedded in
a porous medium with uniform porosity in presence of solar
radiation, viscous dissipation and variable magnetic field. An
incompressible nanofluid with electrical conductivity in pres-
ence of magnetic field B(x), perpendicular to the plate, is con-
sidered. Fig. 1 shows the schematics of the physical model
and system coordinates.

It is assumed that x and y coordinates are the flow directions
along the plate and perpendicular to the plate, respectively.
The plate temperature (7,,) is assumed constant and is consid-
ered higher than ambient temperature (7,,). The base fluid of
the nanofluid, i.e., water, has Prandtl number of Pr = 6.2. The
nanoparticles added to the base fluid (water) are copper (Cu)
particles. The porous medium is assumed to be transparent
and in thermal equilibrium with the fluid. The base fluid and
the nanoparticles are assumed to be in thermal equilibrium and
no slip occurs between them. Assuming incompressible vis-
cous nanofluid and steady-state laminar two-dimensional flow
and Boussinesq approximation in presence of solar radiation,
viscous dissipation and magnetic field, the governing differen-
tial equations are as follows [20, 21]:

6_u+ﬁ =0 (1)
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The boundary conditions are as follows:
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where b is a constant, # and v are fluid velocity components in
x and y directions respectively, o is the electrical conductivity,
B is the plate inclination angle, and y,; parand S ', are the effe
ctive dynamic viscosity, effective density and effective ther-
mal expansion coefficient of the nanofluid respectively, which
are considered in the following relations [22]:

P = 0o, +(1=0)p; %)
Hy
f = 2.5 6
ot = o (©)
(0B, = 1=0)(pB"); + @(pB), - @)

Here ¢ is the solid nanoparticles volume fraction, u;is the
basic fluid dynamic viscosity, and 8 ‘rand 8 ’; are thermal ex-
pansion coefficients of the basic fluid and nanoparticles re-
spectively. ¢ is the porosity and py, p, (C,)r and (C,), are the
basic fluid density, nanoparticles density, the basic fluid spe-
cific heat and the nanoparticles specific heat. Also K(¢) and
C(e) are the porous medium permeability and inertia coeffi-
cient which are defined by the following relations for uniform
porosity [23]:

de’
K({;‘) = m (8)
C(e) = M . 9)
d e

p

¢ is the porosity of porous medium which is constant assum-
ing uniform distribution of solid components and d|, is the
diameter of porous medium solid particles. & is the effective
thermal conductivity of porous medium, from which Pr is
obtained and ¢4 is the solar radiation flux. Assuming that
some of the solar radiation reaching the plate surface is ab-
sorbed by the fluid, the Beer law can be used for radiation
absorption and written as:

q"(»)=q"(0)1-e™" (10)

where ¢"(y) is the radiation flux reached to distance y from
the transparent plate, ¢"(0) is the incident flux to the plate
and a is the extinction coefficient of the nanofluid. Also here
the variable magnetic field is considered as follows [24]:

B(x)= Box[mT_l] (11)

where B(x) is the strength of the variable magnetic field. The
special form of the magnetic field, i.e. Eq. (11), is chosen to
obtain a similarity solution. This form of B(x) has also been
considered in Refs. [24, 25] in their MHD flows past a mov-
ing or fixed flat plate. Similarity variable used to transform
governing equations to ordinary differential equations is:

n=y(’"”j (Re,): (12)
X 2
where:
Re, =245 ) x (13)
Hy

Dimensionless stream function and temperature are as fol-
lows:
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such that the stream function satisfies the continuity equa-
tion:

uza—w,v——a—w. (16)

By substitution of similarity parameters in momentum and
energy equations, governing equations take following forms:
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And the boundary conditions become:

fi=Lf=0,6=1arn=0

19
f,—>0,0>0,asn—>w (19

where R, a., Mn, D,, Re,, Pr, Ec, Gr/ReX2 are the radiation
parameter, extinction (absorption) parameter, magnetic pa-
rameter, porous medium geometric parameter and dimen-
sionless Reynolds, Prandtl, Eckert and Richardson numbers
respectively, which are defined as:

T,-T)p
Grz _ &, ;,)zﬁf Re. =" 4
Re, u,(x)"x v,
d : C
p =% pe— W& pr= L) v,
X Cp (r,-T,) ke
B +1 20
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3. Entropy generation analysis

The local volumetric rate of entropy generation in the pres-
ence of a magnetic field is given by the following relation
[26]:

s _keffery (oY
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where the first term on the right-hand side of Eq. (21) is the
entropy generation due to heat transfer across a finite tempera-
ture difference; the second term is the entropy generation due
to viscous dissipation, and the third term is the entropy genera-
tion due to the magnetic field effect. Here it is appropriate to
define a dimensionless number for entropy generation rate, N;.
The ratio of the local volumetric entropy generation rate, Sg,
to a characteristic entropy generation rate, (S;), is defined as
the entropy generation number. The characteristic entropy
generation rate can be written as:

(Sg) = k@f [%J . (22)

Thus the entropy generation number is written as:

S,
N, =—¢%. 23
TS, 9

By the use of Egs. (12)-(14) and (21), entropy generation
number is given by the following relation in terms of the di-
mensionless velocity and temperature variables:

Br.(Ha)’
Q

N - Br.Re
} Q

S+ S+ Reb; (24)

in which Re,, Br, Q and Ha are the Reynolds number, Brink-
man number, the dimensionless temperature difference and
the Hartman number respectively. These dimensionless num-
bers are given by the following relations:

1

ul :
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4. Solution methodology

The nonlinear coupled ordinary differential equations de-
rived by the similarity method, Eqgs. (17) and (18), subject to
the boundary conditions Eq. (19) are solved numerically using
an implicit efficient finite difference scheme known as the
Keller-Box method. The method has the following four main
steps: (i) The system of Egs. (17) and (18) are reduced to a
first order system; (ii) The difference equations are written
using central differences; (iii) The resulting algebraic equa-
tions are linearized by Newton’s method and written in matrix
vector form; (iv) The block-tridiagonal-elimination technique
is used to solve the linear system. The details of the Keller-
Box method can be found in Ref. [27]. In order to satisfy the
10™* convergence criterion, a step size of Ay = 0.005 is chosen
in all cases. It is seen in solution that 7,, = 10 is adequate for
applying the perfect influence of the boundary layer.

5. Results and discussion

In the present study, the steady state two-dimensional
boundary layer magneto-hydrodynamic mixed convection
flow of nanofluid is considered over a smooth non-linearly
stretching inclined transparent plate embedded in a porous
medium due to solar radiation and with viscous dissipation
and variable magnetic field. The dimensionless velocity, tem-
perature and entropy generation number profiles are plotted
for various values of governing parameters and are discussed
in details. Some tables are also presented for Nusselt number
Nu and skin friction coefficient Cy.

Tables 1 and 2 present the values of Nu number and skin
friction coefficient for various values of physical parameters.
Fluid and nanoparticles properties are also given in Table 3.

Fig. 2 shows the dimensionless velocity profiles for various
values of porosity and nanoparticles volume fraction. As it can
be seen, the porosity increase causes the increase of velocity in
the boundary layer because when the porosity boosts the fluid
can move with more freedom and fewer barriers resisting the
momentum transfer along the plate. In contrast, when the na-
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Nu,=10.
Ec a. [0) Mn B Gr/Re? €=0.1 £=0.2 £=03
Cs Nu Cs Nu Cs Nu

0 0.5 0.2 0.1 0 0.1 0.2517 9.3400 0.1213 11.9048 0.0798 13.1458
1.0 0.2400 10.0824 0.1027 12.7836 0.0571 14.0872
10 0.1423 13.0653 0.0436 16.4664 0.1174 18.1121
0.1 1 0.1 0 30 0.1 0.2428 6.0508 0.1172 10.2613 0.0775 11.9652
1 0.2283 7.3768 0.0944 11.7393 0.0497 13.4611
10 0.1105 12.5287 0.0810 16.2607 0.1610 16.9225
1 0 0 0.2 90 0.1 02114 9.5346 0.1079 2.9784 0.0769 6.7887
1 0.2113 9.5279 0.1078 2.9851 0.0769 6.7976
10 0.2111 9.4541 0.1075 3.0590 0.0765 6.8692

Table 2. Skin friction coefficient and Nusselt number for various values of the physical parameters: m = 1.0, Pr= 6.2, x = 0.10, Re = 500, Nu, = 10.

Ec a. Mn B Gr/Re? D, £=0.1 £=0.2 £=03
Cy Nu Cy Nu Cy Nu
0 0.5 0.1 0 0.1 10 0.2936 8.4568 0.1394 11.7260 0.0893 13.1704
15 0.2388 9.7582 0.1143 12,4124 0.0747 13.6646
20 0.2066 10.3060 0.0997 12.8484 0.0664 13.9575
0.1 1 0 30° 1 10 0.2758 7.1151 0.1100 11.7438 0.0518 13.8055
15 0.2182 8.5552 0.0814 12.7366 0.0338 14.4785
20 0.1838 9.4965 0.0643 13.3515 0.0232 14.8743
0.2 0 0 90° 10 10 0.2944 3.2065 0.1399 9.6732 0.0892 12.1485
15 0.2395 5.6751 0.1146 10.8807 0.0741 12.9423
20 0.2073 6.8893 0.0998 11.6163 0.0655 13.4030
Table 3. Thermo-physical properties of water and nanoparticles [28]. 1.2 T e e e
Physical properties Fluid phase (water) Cu 1 ©=0.0 i
p (kgm™) 997.1 8933
C,(Jkg' K" 4179 385 0.8
B x 10° (K" 21.0 1.67 = o [\
k(Wm™ K" 0.613 401 e 1‘
L\

noparticles volume fraction increases, the velocity in the
boundary layer decreases, and this is due to more collisions
between solid particles which causes the reduction of nan-
ofluid effective velocity. Thus, according to Fig. 2, it can be
claimed that the porosity of porous medium and nanoparticles
volume fraction have considerable effect on the hydrodynamic
boundary layer.

Fig. 3 shows the effect of radiation Nusselt number parame-
ter on dimensionless velocity profile for various values of
porosity. It can be seen that the radiation flux magnitude does
not have considerable effect on velocity profile.

Fig. 4 shows the effect of Eckert number on velocity profile
for some values of nanoparticles volume fraction. It can be
seen that the increase of Eckert number causes the increase of
velocity magnitude inside the porous medium. Moreover, with

=

0 1 2 3 4 5 6 7 8

Fig. 2. Dimensionless velocity profiles for different values of porosity
and volume fraction: Mn = 0.1, Ec = 0.2, Gr/Re*=4, f=0.

the decrease of nanoparticles volume fraction the maximum
velocity point shifts from the plate surface to further distances
of the plate.

The effect of Richardson number Gr/Re,” on the velocity
profile has been shown in Fig. 5 for various values of porosity.
As it is expected when the Richardson number increases, the
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Fig. 3. Dimensionless velocity profiles for different values of porosity
and Nusselt number: Mn =0.1, 9 =0.2, Gr/Re* =4, f=0.
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Fig. 4. Dimensionless velocity profiles for different values of volume
fraction and Eckert number: Mn = 0.1, = 0.3, Gr/Re’=4, 4= 0.

hydrodynamic boundary layer thickness increases because
when the Richardson number increases, the natural convection
dominates the forced convection and the buoyancy forces play
more effective role than the friction forces. The interesting
point which should be mentioned is that in higher values of
Richardson number the porosity has greater effect on velocity
profile, i.e. using the porous medium is more effective in natu-
ral convection conditions than the forced convection condi-
tions. Also it can be seen that in higher porosity the friction
effect continues to further distances of the plate while in small
porosity the friction effect does not go far beyond the near
points of the plate.

Fig. 6 shows the effect of transparent plate inclination angle
on dimensionless velocity profile. It is seen that the decrease
of the plate inclination angle with respect to verticality shifts
the velocity profiles upper and this is because the more the
plate goes to verticality, the easier the fluid can move over the
plate and this is due to the increase in cos(f) term in the mo-
mentum equation which causes the fluid momentum to in-
crease. Another point is that in the angle range of 0-30 degrees

1.6 [

Gr/ReZZO.OZ

Gr/Re’=1.00

Gr/Re’=4.00"""" 7]
SRONNG o E ]
..'\;.\\..'.\_ ...... N ;,..8_02 04 0. 6 ....... i ]

RN

Fig. 5. Dimensionless velocity profiles for different values of porosity
and Richardson number: Nu, =100, a,=0.2, 9 =0.1, =0.

1.2 RS R RN RARRE AR RN RN RN RS RN AR

:B=0.0°, 30°, 60°, 90°

Fig. 6. Dimensionless velocity profiles for different values of porosity
and plate inclination angle: ¢ = 0.1, Ec = 1, Gr/Re* =4, Mn =0.1.

with respect to the horizontal state, there is the main increase
in velocity profile and in the angles near to horizontal state,
the variation of the inclination angle has negligible effect on
velocity.

Fig. 7 shows the dimensionless velocity profiles for various
values of nanoparticle volume fraction and effective extinction
coefficient. It can be seen that at a constant nanoparticle vol-
ume fraction the dimensionless velocity profiles shift upper
with the increase of the effective extinction coefficient, i.e.,
the dimensionless velocity boundary layer becomes thicker
with the increase of the effective extinction coefficient. Also it
is seen that the increase of nanoparticle volume fraction
causes the increase of velocity boundary layer thickness for a
constant effective extinction coefficient.

Fig. 8 shows the effect of nanoparticles volume fraction
along with porosity on dimensionless temperature profile. As
it is expected the reduction of porosity causes the increase of
thermal boundary layer thickness and this is because the in-
crease of the ratio of solid particles in porous medium (de-
crease of porosity) resists the movement of nanofluid and this
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Fig. 7. Dimensionless velocity profiles for different values of nanopar-
ticle volume fraction and effective extinction coefficient: D,= 10, Nu,
=100, f=0, Gr/Re*=4.
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Fig. 8. Dimensionless temperature profiles for different values of po-
rosity and volume fraction: Mn =0.1, Ec =0.2, Gr/R& =4, p=0.

result in warmer nanofluid and thicker thermal boundary layer.

By the way, the increase of nanofluid volume fraction has an
enhancement effect on temperature and this is in fact the rea-
son for using nanofluid because the existence of nanoparticles
increases the effective thermal conductivity and finally thick-
ens the boundary layer.

The dimensionless temperature profile is plotted for various
values of Eckert number and nanoparticles volume fraction in
Fig. 9. It is obvious that the increase of Eckert number causes
the increase of nanofluid temperature in thermal boundary
layer and physically this can be totally verified, because when
the friction on the plate increases due to fluid viscosity, more
heat is generated and as a result the nanofluid temperature
increases.

The influence of effective absorption coefficient of porous
medium containing nanofluid on temperature profile is shown
in Fig. 10. It can be observed that when the effective absorp-
tion coefficient increases, the boundary layer thickness in-
creases and this is because when the effective absorption coef-

1427””!”H!H"!‘H‘!HH!HH!HH!HH!‘H‘!Hui

0.8 ;~ ....... .......

6(n)

0.6 Wi

0.4 ..... \

0.2

0 1 2 3 4 5 6 7 8 9 10

n

Fig. 9. Dimensionless temperature profiles for different values of vol-
ume fraction and Eckert number: Mn = 0.1, ¢ = 0.3, Gr/Re* = 4, p=0.

1,27””!””!‘H‘!"H!H"!HH!HH!HH!HH!HHi

0.8 PR SES fs

W ....... ....... ........ e
: :a.=0.0,

6(m)

0.5,1.0

0.4F - d

02k

Fig. 10. Dimensionless temperature profiles for different values of
volume fraction and effective extinction coefficient: D, = 10, Nu, =
100, =0, Gr/Re* = 4.

ficient increases, the solar radiation flux by surroundings in-
creases and as a result the nanofluid temperature increases. It
should be noted that the presence of nanofluid and also the
dark_color of solid particles of porous medium can enhance
the effective absorption coefficient and finally the temperature
of the thermal boundary layer.

Fig. 11 shows the effect of Richardson number on tempera-
ture for some values of porosity. It is seen that the temperature
reduces in high Richardson numbers for which the natural
convection flow is dominant. Fig. 12 shows the effect of radia-
tion Nusselt number on temperature profile. It can be seen that
when the dimensionless radiation Nusselt number increases,
the temperature in the boundary layer increases.

The temperature profile is shown for various values of plate
inclination angle in Fig. 13. It can be observed that when the
plate goes to verticality, the temperature profiles shift upper.
This is expected because in higher plate inclination angles the
gravity acceleration component along the plate increases and
ultimately the buoyancy effects appear.
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Fig. 11. Dimensionless temperature profiles for different values of
porosity and Richardson number: a. = 0.5, Nu, = 100, ¢ = 0.1, 5 =0.
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Fig. 12. Dimensionless temperature profiles for different values of poros-
ity and plate Nusselt number: Mn = 0.1, 9 =0.2, Gr/Re* =4, a,=0.1.

The effects of various physical parameters on dimensionless
entropy generation number profiles are shown in Figs. 14-22.
Here it should be said that the dimensionless entropy genera-
tion number profiles of Figs. 14-22 are for the case of natural
convection (with GrIRé = 4.0) of MHD flow of nanofluid
over a nonlinearly stretching transparent plate embedded in a
porous medium.

The dimensionless entropy generation number profiles for
various values of nanoparticle volume fraction are shown in
Fig. 14. It can be seen that the increase of nanoparticle volume
fraction causes the dimensionless entropy generation number
profiles to shift slightly downward for distances far from the
plate surface. However, as the nanoparticle volume fraction
increases, the entropy generation increases near the plate sur-
face due to the higher dissipation energy resulted from the
sharper velocity gradients near the plate surface. It can be seen
that at distances close to the plate surface (7 < 0.15) nanoparti-
cle volume fraction increase causes entropy generation in-
crease, but for distances far enough from plate surface (4 >

1.2 RN AR RERES LR LA AR EARR RARRN MR MRS

6(n)

7 8 9 10

Fig. 13. Dimensionless temperature profiles for different values of poros-
ity and plate inclination angle: Mn = 0.1, 9 =0.1, a,= 0.5, Gr/Re* = 4.
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n
Fig. 14. Dimensionless entropy generation number profiles for differ-

ent values of nanoparticle volume fraction: Mn = 0.1, a, = 0.5, Ec =
1.0, Re = 500, £ = 0.20, Ha = 50.0, BrQ"' = 1.0, Pr=6.2.
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0.15) nanoparticle volume fraction increase causes the entropy
generation reduction.

Due to Fig. 14, at # = 0 when the nanoparticle volume frac-
tion ¢ increases from 0.1 to 0.2, the entropy generation num-
ber N, increases from 2924.0 to 3175.4, i.e., with 100% in-
crease in ¢, N, increases 8.6%. At # = 1 the N, reduces from
934.8 to 757.9 with the increase of ¢ from 0.1 to 0.2, which
means 23.34% reduction in N, by 100% increase in ¢.

Fig. 15 shows the effect of porosity ¢ on dimensionless en-
tropy generation number profile. It can be seen that the en-
tropy generation on the plate surface and distances close to the
plate (7 < 0.15) increases with the increase of porosity. This is
because when porosity increases, the possibility of free motion
of the fluid particles inside porous medium increases. On the
other hand, the fluid temperature increases (see Fig. 11) and
this is another reason for the increase of fluid particles mo-
tions and consequently the irreversibility of the fluid. For # >
0.15 the increase of porosity causes the decrease of N,.

It is seen from Fig. 15 that at # = O (on the plate surface)
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Fig. 15. Dimensionless entropy generation number profiles for differ-
ent values of porosity: Mn =0.1, 9 = 0.1, a, = 0.5, Re = 500, Ec = 1.0,
Ha=50.0,BrQ"'=10,Pr=62.

when the porosity ¢ increases from 0.2 to 0.4, the entropy
generation number N, increases from 2867.2 to 4286.0, which
means 100% increase in porosity ¢ causes 49.48% increase of
N,. Also at # = 1 with the porosity increases from 0.2 to 0.4,
the N, decreases from 680.7 to 288.0, which means 100%
increase in porosity ¢ causes 136.35% reduction in V.

Fig. 16 demonstrates the dimensionless entropy generation
number profiles for different values of dimensionless group
parameter BrQ". 1t can be seen that, unlike the effective ex-
tinction coefficient, the variation of dimensionless group pa-
rameter shows a considerable effect on the dimensionless
entropy generation number profiles. The dimensionless entro
py generation number profiles shift upward (the N, values
increase) with the increase of the dimensionless group pa-
rameter, and this shifting upward is dominant in distances near
to the plate surface. It can be said that by the increase of di-
mensionless group parameter, the fluid velocity increases
which causes the fluid particles randomness level to increase.

It can also be seen in Fig. 16 that the entropy generation
number is maximized on the plate surface. In these cases the
surface acts as the strong source of irreversibility and random-
ness generation.

Due to Fig. 16, when the dimensionless group parameter
Br@" increases from 0.4 to 0.8, the entropy generation num-
ber N, increases from 431.7 to 767.1, which means the in-
crease of 77.70% in N, by 100% increase in BrQ".

Fig. 17 indicates the effect of porous medium geometric pa-
rameter D, on dimensionless entropy generation number pro-
file. It is seen that for # < 0.15 the entropy generation number
profiles move upward (N, values increase) with the increase of
the porous medium geometric parameter, but for # > 0.15 the
entropy generation numbers decrease with the increase of
porous medium geometric parameter. It can be seen that the
variation of N, values with D, in Fig. 17 is consistent with the
variation of N; values with ¢ in Fig. 15 for both # < 0.15 and
> 0.15. The reason is that the increase of D, (which is propor-
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Fig. 16. Dimensionless entropy generation number profiles for differ-
ent values of dimensionless group parameter: Mn = 0.1, ¢ = 0.1, a. =
0.5, Re =500, ¢=0.20, Ha = 50.0, Ec=1.0, Pr=6.2.
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Fig. 17. Dimensionless entropy generation number profiles for differ-
ent values of porous medium geometric parameter: Mn = 0.1, ¢ = 0.1,
a.=0.5, Re =500, ¢ =0.20, Ha = 50.0, Ec = 1.0, Pr=6.2.

tional to the diameter of porous medium particles) causes the
increase of pores volume in the porous medium and therefore
the increase of porosity.

According to Fig. 17, at # = 0 the N, values boost from
4081.2 to 2766.2 by the increase of D, from 20 to 40, which is
47.54% boost in N, by 100% increase in D,. At # =1 the N,
values reduce from 1144.4 to 688.1 by the increase of D, from
20 to 40, which is 66.31% reduction in N; by 100% increase
of D,

The N; profiles for various values of Hartman number (Ha)
are demonstrated in Fig. 18. It can be seen that the higher val-
ues of Hartman number produce higher entropy generation
numbers at a specific distance from the plate surface and this
is observable by upward shifted N, profiles with the increase
of Hartman number. The increase of Hartman number means
the increase of magnetic field on the plate and porous medium,
for which this increase of the resultant force from magnetic
field causes the increase of fluid temperature particularly and
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Fig. 18. Dimensionless entropy generation number profiles for differ-
ent values of Hartman number: Mn = 0.1, ¢ = 0.1, a. = 0.5, Re = 500, &
=0.20, Ec= 1.0, BrQ"' = 1.0, Pr=62.
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Fig. 19. Dimensionless entropy generation number profiles for differ-
ent values of Reynolds number: Mn =0.1, 9 =0.1,a,=0.5, Ec=1.0, ¢
=0.20, Ha=50.0, BrQ"' = 1.0, Pr=6.2.

therefore the increase of the fluid entropy.

It is seen in Fig. 18 that at # = 1 the increase of the Hartman
number from 20 to 40 results in the augmentation of the en-
tropy generation number N, from 261.3 to 646.2. This means
that by 100% increase of the Hartman number, N, values in-
crease 147.34%.

The dimensionless entropy generation number profiles for
different values of Reynolds number are plotted in Fig. 19. It
can be seen that the N, profiles shift upward (the N, values
increase) with the increase of the Reynolds number. It can be
said that by the increase of the Reynolds number, the fluid
velocity increases which causes the fluid particles randomness
level to increase.

It is seen from Fig. 19 that at # = 1 the increase of the Rey-
nolds number from 200 to 400 causes the increase of N, from
214.4 to 261.5, which means an increase of 21.97% in N, by
100% increase in Re.

The dimensionless entropy generation number logarithmic
profiles for various values of Eckert number is plotted in Fig.
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Fig. 20. Dimensionless entropy generation number logarithmic profiles
for different values of Eckert number: Mn =0.1, 9 = 0.1, a. = 0.5, Re =
500, £ =0.20, Ha = 50.0, Br2' = 1.0, Pr=16.2.

20. It can be seen that for distances closer to the plate surface (i
smaller than 0.55) the decrease of Eckert number causes the
increase of entropy generation number. When the Eckert num-
ber decreases, the difference between plate surface and fluid
temperatures boosts. This causes heat transfer enhance ment
and therefore increase of fluid particles motion and energy on
the plate surface which means the entropy of the fluid passed
over the plate has increased. On the other hand, noting Fig. 9
clarifies that the increase of Eckert number causes the increase
of temperature in the boundary layer. But according to Fig. 20,
this temperature increase, due to increase of Eckert number,
shows its influence on a very small distance from plate surface
(7 < 0.55) when the Eckert number increases from 0.5 to 1.0
directly as the entropy generation increase of the fluid.

It can be seen from Fig. 20 that at # = 0 when the Eckert
number increases from 0.5 to 1.0, the entropy generation
number N, decreases from 3000.1 to 2924.0. This means that
when the Eckert number increases 100 % (becomes 2 times
larger), then the entropy generation number N, reduces 2.60%.
It can also be seen from Fig. 20 that at # = 1 when the Eckert
number increases from 0.5 to 1.0, then the entropy generation
number increases from 885.8 to 934.8, i.e., with the 100%
increase of Eckert number the NV, increases 5.53%.

Fig. 21 presents effect of porous medium effective extinc-
tion coefficient on dimensionless entropy generation number
logarithmic profiles. It can be seen that the entropy generation
increases with the increase of effective extinction coefficient
a.. This is due to the fact that when q, increases, the amount of
heat absorption by the fluid in the porous medium increases
(see Fig. 10) which strengthens the fluid particle motions in
porous medium and therefore the fluid randomness. However
it can be said that the effective extinction coefficient does not
have considerable effect on the entropy generation number.

It is seen from Fig. 21 that at # = 1 the increase of the effec-
tive extinction coefficient a, from 1.0 to 2.0 causes the in-
crease of the entropy generation number N, from 945.9 to
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Fig. 21. Dimensionless entropy generation number logarithmic profiles
for different values of effective extinction coefficient: Mn = 0.1, ¢ =
0.1, Re = 500, £ = 0.20, Ha = 50.0, Br2"' = 1.0, Ec = 1.0, Pr=6.2.
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Fig. 22. Dimensionless entropy generation number logarithmic profiles
for different values of magnetic parameter: ¢ = 0.1, a. = 0.5. Ec = 1.0,
Re =500, £=0.20, Ha = 50.0, BrQ"' = 1.0, Pr=16.2.

964.2. This means that 100% increase of a,causes N; to in-
crease approximately 1.98%.

Fig. 22 indicates the dimensionless entropy generation
number logarithmic profiles for various values of magnetic
parameter. It is seen that the magnetic parameter variation
cannot considerably affect the N, profiles such that only a
slight upward shifting is observable in N, profiles with the
increase of the magnetic parameter. Therefore, entropy gen-
eration number is higher for higher magnetic parameter. The
motion of fluid molecules increases in presence of the mag-
netic force. Therefore the presence of magnetic field in the
fluid causes the entropy generation. Moreover, as it can be
seen, when the magnetic parameter increases, the effect of this
parameter on entropy generation number increase of fluid
decreases and becomes almost negligible.

According to Fig. 22, at # = 1 when the magnetic parameter
increases from 0.25 to 0.5, then the entropy generation num-
ber N increases from 872.1 to 910.6 meaning 100% increase
in magnetic parameter is equivalent to 4.41% increase in N,.

6. Conclusions

Entropy generation of magneto hydrodynamic (MHD)
mixed convection flow of nanofluid is investigated over a
non-linearly stretching inclined transparent plate embedded in
a porous medium. The governing equations are transformed
into two non-linear coupled ODEs using similarity method.
These two equations are then converted into five first order
ordinary differential equations. The system of first-order equa-
tions are solved by the numerical implicit Keller-Box method.
The effects of various parameters such as nanoparticle volume
fraction, magnetic parameter, porosity, effective extinction
coefficient of porous medium and diameter of porous medium
solid particles are studied on the dimensionless velocity, tem-
perature and entropy generation number profiles. The results
obtained are as follows:

(1) When the effective extinction coefficient increases, the
thermal conditions improve. The presence of nanofluid and
also the darkness of solid particles of porous medium in col-
our can increase the effective absorption coefficient and fi-
nally the temperature of thermal boundary layer.

(2) The increase of nanoparticle volume fraction has an en-
hancement effect on temperature and, in fact, this is the reason
for using nanofluids.

(3) Near the plate surface the increase of nanoparticle vol-
ume fraction, porosity and porous medium geometric parame-
ter cause the entropy generation number to increase, but far
enough from the plate surface the increase of nanoparticle
volume fraction, porosity and porous medium geometric pa-
rameter cause the reduction of entropy generation number.

(4) The entropy generation number increases with the in-
crease of effective extinction coefficient and magnetic pa-
rameter, but it can be said that the variations of effective ex-
tinction coefficient and magnetic parameter do not have con-
siderable effect on the entropy generation number.

(5) The variations of Brinkman number and Hartman num-
ber show considerable effects on the entropy generation num-
ber profiles. The entropy generation number enhances with
the increase of Brinkman number and Hartman number, and
this increase is more dominant near the plate surface. There-
fore low Brinkman and Hartman numbers are more favourable
in the MHD flow of nanofluid.

(6) Closer to the plate surface entropy generation number
increases with the decrease of Eckert number. However the
entropy generation number values increase with the increase
of the Reynolds number.

(7) In the case of the velocity profiles, the nanoparticle vol-
ume fraction and the Richardson number could be considered
as dominant variables since they highly influence the velocity
profiles. Nevertheless, in the case of temperature profiles, the
effective extinction coefficient and the Richardson number
being highly effective on dimensionless temperature varia-
tions may be considered the dominant variables. The variations
of the Reynolds number, Eckert number, effective extinction
coefficient and Magnetic parameter do not considerably affect



1830 M. Dehsara et al. / Journal of Mechanical Science and Technology 28 (5) (2014) 1819~1831

the entropy generation number. However, the dimensionless
group parameter BrQ", porous medium geometric parameter
and the Hartman number may be regarded as the dominant
variables for the entropy generation number since their varia-
tions could considerably alter the entropy generation numbers.
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Nomenclature

a - Absorption or extinction coefficient of fluid (m™)

a, : Effective extinction coefficient of porous media (m™)
b : Stretching rate, positive constant (—)

B(x) :Magnetic field (Tesla)

By : Magnetic rate, positive constant (—)

Br : Brinkman number (= y. u,,(x) 2/AT. k) (-)
C(e)  :Porous medium inertia coefficient (m™)
G : Skin friction coefficient (= -2f,, (0) / (Re,) %) )

(G, )r : Specific heat at constant pressure of the basic fluid
(Tkg' K

d, : Particle diameter (m)

D, : Geometric parameter of porous medium, positive (—)

Ec : Eckert number (= u,,(x) 2/ C, (1,T.)) ()

f : Dimensionless velocity variable (= w(x,y)(Rey)"”/
uw(x)) (7)

g : Gravitational acceleration (m s~)

Gr - Grashof number (=g (T,~T.,) B/v>) (=)
Ha - Hartman number (= Byx (/1) *°) (-)

K (¢) :Porous medium permeability (m”)
k : Thermal conductivity (W m™ K™
m : Index of power law velocity, positive constant (—)

Mn  : Magnetic parameter (= o By’ / p.ob) (-)

Nu : Nusselt number (= — (Re,) *’ 0,(0)) ()

Nu,  : Nusselt number based on radiation heat flux (=)
N : Entropy generation number (—)

Pr : Prandtl number (= uC, / k) (-)

¢wa  : Radiation flux distribution (W m™)

R : Radiation parameter (=Nu,. a,) (-)

Re,  :Local Reynolds number (= p.u,(x) x/ 1) (-)
T : Temperature variable (K)

T, : Given temperature at the sheet (K)

T, : Temperature of fluid far away from the sheet (K)
AT : Sheet temperature (K)
: Velocity in x-direction (m s™)

u
u, : Velocity of the sheet (m s™)

v : Velocity in y-direction (m s™)
X : Horizontal distance (m)

Y : Vertical distance (m)

Greek symbols

W : Stream function (m”s™)

n : Similarity variable (= y(Re)"’/x) (-)
) : Kinematic viscosity (m” s™)

Jis : Thermal expansion coefficient (K™")
& : Porosity of porous medium, positive ()
u : Dynamic viscosity (N s m”)

p : Density (kg m™)

o : Electric conductivity (mho s

1% : Dimensionless temperature variable (=7-T1./ Ty—T,) (-)
@ : Solid volume fraction, positive (—)

a : Thermal diffusivity (m*s™)

p : Plate inclination angle degrees ()
pC,  :Heat capacitance (J m° K"
Subscripts

) : Infinity
f : Fluid

nf : Nanofluid

sf : Nanoparticle

w : Plate surface
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