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Abstract: The paper considers the second law analysis of MHD boundary-layer
flow heat transfer due to a permeable non isothermal linearly stretching sheet
placed at the bottom of fluid saturated porous medium. A uniform
suction/blowing is applied. Similarity transformation is performed to convert the
governing partial differential equations into ordinary differential equations. The
momentum equation has closed form solution which is used in the energy
equation. The energy equation is solved numerically by finite difference method.
Solutions obtained for velocity and temperature fields are utilized to compute
entropy generation. The effects of pertinent parameters on entropy generation are
depicted graphically and discussed.
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1. Introduction

Second law of thermodynamics is pivotal for optimal design of thermal systems
“aspiring” thermodynamic efficiency. A physical quantity termed “entropy” defined in
the second law of thermodynamics is a pertinent measure of irreversibility of real
systems. Entropy analysis has emerged as a self sustained research field owing to natural
want of optimal thermal systems. Last decade has witnessed a great surge of research
activity in entropy generation aspects in convective flow systems. The investigations
have been carried out theoretically in idealized flow configurations having technological
implications. In fact, in order to find a compromise between hydrodynamic and thermal
performance, a second law analysis is a pertinent tool.

There are many causes to entropy production in a fluid flow such as heat transfer, fluid
friction, imposed magnetic field, radiative heat transfer, etc. Bejan [7-9] in his pioneer
works, has shown that in convective heat transfer processes the parameters which are
decisive in entropy generation can be identified and “played with” to optimize the plan
for lesser entropy generation. Acknowledging the importance of entropy optimization
many authors have reported pertinent relevant studies in diverse convective flow
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systems. In view of application of entropy analysis in variety of engineering fields like
heat exchangers, cooling of nuclear reactors, energy storage systems, cooling of
electronic devises, pumps, turbine, and pipe networks, etc. it has recently become a hot
topic of study. It has been studied for variety of fluids in geometries like - channels,
tubes and ducts.

The second law analysis to a viscous fluid in a circular duct with isothermal conditions
was performed by Sahin [25]. Narusawa [23] gave an analytical and numerical analysis
of the second law for flow and heat transfer inside a rectangular duct. Mahmud and
Fraser [22] performed thermodynamic analysis of flow and heat transfer inside channel
with two parallel plates. Hooman [20] performed entropy analysis in a porous saturated
circular tube considering variable viscosity. The effects of magnetic field and viscous
dissipation on entropy generation in a falling film and channel were studied by Aiboud-
Saouli et al.[1-2]. Chauhan and Olkha [11] studied entropy generation for non-Newtonian
fluid flow in a pipe with naturally permeable boundaries. Chauhan and Kumar [12]
presented entropy analysis for third-grade fluid flow in annulus partially filled with a
porous medium. Vyas and Rai [29] discussed entropy regime for radiative MHD Couette
flow inside a channel with naturally permeable base.

The study of boundary - layer flow and/or heat transfer due to a stretching sheet
attracted investigators owing to varied applications in engineering and technological
processes such as, aerodynamic extrusion of plastic sheets, extrusion of polymers,
continuous casting etc. Since the pioneer works of Sakiadis [26] and Crane [15], the fluid
flow and heat transfer due to stretching surface have been explored to a vast extent taking
into account variety of assumptions and different configurations pertaining to velocity
temperature and fluids. Arunachalam and Rajappa [5], Grubka and Bobba [17], Chiam
[14], Anderson and Valnes [4], Ali and Yousuf [2], Vyas and Ranjan [27], Vyas and
Srivastava [30-31], Vyas and Rai [28], Hayat et al. [18-19], Ibrahim and Shanker [21].

Entropy generation in a fluid flow due to stretching surface in the presence of magnetic
field has been analyzed by Aiboud and Saouli [6] and Chauhan and Rastogi [13]. Dehsara
et al. [16] discussed entropy analysis for MHD flow over a non-linear inclined
transparent plate in a porous medium taking solar radiation into account. Bhutt and Ali
[10] showed that magnetic field is a strong source of entropy generation in case of
radially stretching sheet. Noghrehabadi et al. [24] presented entropy analysis for Nano
fluid flow over a stretching sheet in the presence of heat generation/ absorption and
partial slip.

However, a rapid search of the literature reveals that the entropy generation analysis for
the set up considered here has not been reported yet though porous medium enjoy
advantageous capabilities for heat transfer augmentation.

In view of this, the present paper performs second law analysis of MHD boundary-layer
flow due to a permeable non isothermal linearly stretching sheet placed at the bottom of
fluid saturated porous medium in the presence of uniform suction/blowing.
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1. Mathematical Formulation

A steady two-dimensional boundary layer flow of a viscous, incompressible conducting
fluid due to stretching of a heated deformable permeable sheet placed at the bottom of
fluid saturated porous medium is considered. Two equal and opposite forces are applied
to stretch the sheet, keeping the origin fixed. It is assumed that the speed of a point on the
sheet is proportional to its distance from the origin. A Cartesian system of coordinates is
used. The x- axis is along the sheet and y-axis is taken normal to it (Figure 1). It is
assumed that the wall temperature i.e. the temperature at the sheet T,(x) > T.,, where T,
is the uniform temperature of the ambient fluid. A constant suction/blowing parallel to y
axis is applied at the sheet.

A magnetic field of strength B, is imposed inclined at an angle p to the x-axis. The
induced magnetic field is neglected, which is valid for small magnetic Reynolds number.
Further, we assume that the electric field due to the polarization of charges is negligible.
Under these assumptions along with boundary-layer approximations, the system of
equations governing the flow in porous medium neglecting the dissipative effects is given
as follows,

—+—=0 1)
U—+V—=9——————(B}sin’B)u @)

U—+V—=——— 3)

and the associated boundary conditions are
y=0: u=u,(X)=cx, v=v,, T=T,(X)=T,_ +Bx"

(4)
y—>ow: u=0, T=T,

where (u,v) are the velocity components in (x,y) directions, 9§ is the kinematic
viscosity of the fluid, o is the electrical conductivity, u is the coefficient of
viscosity, Ky is the permeability, p is the density, T is the temperature, k is the
thermal conductivity, Cp is the specific heat at constant pressure, B, o, ¢ > 0 and v,
are given constants. It must be noted that vo> 0 corresponds to the case of blowing
and vo< 0 for the case of suction.
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2. Solution

The continuity equation (1) is satisfied by introducing a stream function y such that

u= a—w, V= _8_\1/ (5)
oy OX
We prescribe the following similarity transformations
c T-T
==Y, v=4cIxf(m), 6(M)=——"2 6
n \fgy 7 M), 6(n) T T (6)

From equations (5)-(6) we obtain

u=cxf'(m), v=—J9cf(n) (7)

Following the similarity transformation, the momentum and energy equations (2) — (3)
result into following ordinary differential equations respectively.

!/

f”’+ff”—f'2—%—Mzsinzﬁf’:o (8)

0" +Prfo' —Praf'0=0 (9)
subject to the boundary conditions

n=0: f=x, f'=] 0=1 (10

n—o: f'=0, 0=0

where prime denotes the differentiation with respect to 1. Here K, M, Pr and A are the
permeability parameter, Magnetic field parameter, Prandtl number and blowing (A<0) /
suction (A>0) parameter respectively defined as

cK, oB; _ ucC, -V,

K= , M:/—0 Pr and A=

9 cp k J9c
The momentum equation (8) in view of end conditions given in equation (10) admits
exponential solution of the form

f(n)= %(1+ As—e™) (11)

where

s:% x+\/x2+4(1+ Mzsin2B+%) (12)
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The skin  friction coefficient in non-dimensional form is given as

T
T=—————="1"(0) = —S which has been computed numerically.

pex4Jc/9

Using equation (11), the energy equation (9) can be written as
ey PI _
0"—Prabe™" +—1+is—-e°")0' =0 (13)
S

The boundary value problem [BVP] given by equation (13) and boundary conditions (10)
is highly non-linear and is not amenable to analytic / closed form solution, consequently a
numerical solution scheme has been resorted to. The BVP has been solved by finite
difference scheme.

3.1 Solution Technique: Finite Difference Method

In order to solve the BVP by finite difference method, discretization of the solution space
[0,n..] and the derivatives is done which results into a system of algebraic equations. In
the present case, the solution space is broken into ‘n’ equal parts of width ‘An’. Further,
the derivatives occurring in the BVP are replaced by appropriate difference
approximations at each interior grid point in the solution space. The above system of
difference equations at each grid point results into tridiagonal system of linear equations
which is solved by Gauss elimination method. The accuracy of the method is ensured by
optimal choices of the step size.

After, rigorous grid independence study, it was found that An = 0.1 was sufficient to
ensure accuracy of 10°® magnitude in all cases. Thus, after computing 0 at each grid point
we are able to draw profiles for the temperature distributions for varying values of
pertinent parameters.

Having determined the velocity and temperature, we embark on to compute entropy
generation in the system.

3. Second Law Analysis

The local volumetric rate of entropy generation Sg in the presence of magnetic field is
given by (Aiboud and Saouli [6])

k((aT\* (oTY )| n(ou) oBWZsin’p uu?
== | — | H=—| |[*=| = | + + (14)
T2 lax) oy ) | T oy T TK,

It is clearly visible from the equation (14) that four sources contribute in entropy
generation. The first term shows the contribution of heat transfer to entropy across
boundary layer, the second term is the local entropy generation due to fluid friction, the
third term signifies the effect of magnetic field in the generation of entropy and the last
term gives the local entropy generation due to the friction offered by the porous medium.
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In order to define the dimensionless entropy generation rate we prescribe the
characteristic entropy generation rate Sgp, the dimensionless temperature difference Q
and the non-dimensional number for entropy generation N respectively as follows

2
SGO = Ck(TW 2T°°) , Q= —T“’ and Ns = S—G (15)
STOO Tw - Too SGO

Thus the entropy generation number N is found to be

2

N =2 021072+ BrQ(sZe‘an +%(1+ se™)? + M?sin’ Bj
S

PoX? (16)
=N, +N,
where
2
N, = OL—ZG2 +0'%is the Heat transfer irreversibility (HTI),
X
N, = BrQ(sZeZS‘1 + K12(1+se5“)2 +M?sin’ Bj (17)
S
Is the Fluid friction irreversibility (FFI)
uc’x’ _
I'=—————— stands for Brinkman number and
k(T, = T.)

X =

is the dimensionless length along x axis.

Qx
(@]

The Bejan Number Be which is pertinent irreversibility parameter is defined as follows
HTI N,
e = =
HTI+FFI N, +N,

Here, it should be noted that values 0 and 1 for Be correspond respectively to the cases
when the irreversibility is dominated by frictional effects and when the irreversibility due
to heat transfer is significant.

(18)

4, Results and Discussions

The effects of various parameters on entropy generation number Ng have been shown in
figures 2-9 for both the cases - blowing and suction.

The figure 2 indicates that the entropy generation number Ng decreases with an increase
in permeability parameter. However, the effect is more pronounced in the case of
blowing. This may be attributed to the fact that when blowing takes place then there is



Entropy Analysis For Magnetohyrodynamic... 329

more fluid in the system. Hence, there is much ‘activity’ in the system in the case of
blowing when compared with the counterpart case of suction. That is why entropy is
larger in the blowing case as compared to the respective suction case. The figure 3
displays the effect of Hartmann number M and angle of inclination  on the entropy
generation number Ns. The very figure reveals that the entropy generation number N
increases with the increasing values of M and B. In fact, larger values of M and B give
rise to larger Joule heating thereby causing loss in energy (exergy destruction). Figure 4
displays the profiles of entropy generation number N versus 1 for varying values of Pr.
The figure depicts that N, decreases with an increase in Pr. This may be attributed to
decrease in the temperature gradients with the increasing values of Pr. Figure 5 displays
the effects of blowing /suction parameter A on entropy generation. It is found that with
increasing values of blowing parameter (A<0), the entropy generation number Nj
increases, whereas N, decreases with the increasing values of suction parameter (A>0).
Figure 6 displays the effects of wall temperature parameter o on entropy generation. It is
found that the entropy generation number N increases with the increasing values of a.
Figure 7 shows the effect of Brinkman number Br on the entropy generation. It is found
that the entropy generation number N increases considerably with the increasing values
of Brinkman number Br. This goes well with the expectation since larger values of Br are
indicative of larger frictional heating in the system.

The figure 8 exhibits the effect of characteristic temperature ratio € on entropy
generation and shows that the entropy generation number N increases with the increasing
values of characteristic temperature ratio Q. Figure 9 depicts the effect of dimensionless
length X on entropy generation and shows that entropy generation number N decreases
as we move away from origin. Thus, the sheet itself serves as a source of irreversibility.

The effects of various parameters on Bejan Number are shown in shown in figures 10-17
for both the cases - blowing and suction.

The figure 10 shows the variation of Bejan number Be with the permeability parameter
K. It is clear that Bejan Number Be decays considerably with the increasing values of K.
It should be recalled that larger values of K are indicative of easier fluid traversal inside
the porous matrix. This gives rise to fluid friction irreversibility due to internal fluid
friction and dissipative energy due to resistance offered by the walls of porous matrix.
Since Be is the ratio of HT1 and (HTI+FFI), hence one can understand the decay in Be for
larger values of K. Figure 11 shows that the Bejan number Be decays with the increasing
values of M and P in the case of suction. However the trend is not uniform for these
variations for blowing case. Figure 12 shows the variation of Bejan number with the
Prandtl number and clearly indicates that Bejan number decreases with an increase in Pr.
Figure 13 exhibits that with an increase in the blowing/suction parameter A Bejan number
also decreases. Figure 14 shows the variation of Bejan number with the wall temperature
parameter o and shows that Bejan number increases with increase in a. Figures 15-17
show the variation of Bejan number Be with the Brinkman number Br, characteristic
temperature ratio Q and dimensionless length X respectively. It is clearly visible from
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these figures that Bejan number decreases with an increase in all the three parameters -
Br, Q and X.

Skin friction coefficient measures the viscous drag at the stretching sheet. The effect of
various parameters on the skin friction coefficient is shown in figure 18. It is clear from
the figure that the skin friction coefficient increases with an increase in the permeability
parameter, decrease in the magnetic field parameter M and angle of inclination B. A
decrease in the skin friction coefficient is produced with an increase in the suction
parameter and reverse trend is observed for decreasing values of the blowing parameter.

d
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Figure 1: Flow Configuration and
Coordinate System

Solid lines depict the case of Blowing

Dashed lines depict the case of Suction
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Line2: M=1, B=n=ld
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Figure 3: Entropy generation number for
variation in M and p when K=0.2, a =2,

Pr=

0.71,Br=2,Q0=0.2,X=0.2and A =
- 0.2 (blowing) / 0.2 (suction)

100y,

Solid lines depict the case of Blowing

Dashed lines depict the case of Suction

K=0.1,02,05,1

0 10 20 30 40 50

Figure 2: Entropy generation number for
variationin K whenM =2, =7/ 4,a=
2,Pr=071,Br=2,Q2=02,X=0.2and A

=-0.2 (blowing) / 0.2 (suction)

Solid lines depict the case of Blowing

Dashed lines depict the case of Suction

1. Pr=071
2: Pr=2
3 Pr=7
4: Pr=15

Figure 4: Entropy for variation in Pr when
K=02,M=2B=mn/4,0=2,Br=2,Q
=0.2,X=0.2and L =-0.2 (blowing) / 0.2

(suction)
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Figure 5: Entropy generation number for
variation in A when K =02, M=2,p= 1/ 4,
a=2,Pr=0.71,Br=2,Q=0.2and X=0.2

Solid lines depict the case of Blowing

120 Dashed lines depict the case of Suction
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Figure 7: Entropy generation number for
variation in BrwhenK =02, M=2, =T /4,
Pr=071,0=2,Q=02,X=02and A=-0.2
(blowing) / 0.2 (suction)

Solid lines depict the case of Blowing

Dashed lines depict the case of Suction
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Figure 9: Entropy generation number for
variation in X when K =02, M =2, = /4 ,

Pr=0.71,0=2,Br=02,Q=02and A=-0.2
(blowing) / 0.2 (suction)
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Solid lines depict the case of Blowing

Dashed lines depict the case of Suction

o = 0 (blowing & suction)
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Figure 6: Entropy generation number for
variation in awhen K =02, M=2,p= 1/ 4,
Pr=0.71,Br=2,Q2=0.2,X=0.2and A = -
0.2 (blowing) / 0.2 (suction)

Solid lines depict the case of Blowing

i Dashed lines depict the case of Suction
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variationin Qwhen K =02, M=2,= T /4
,Pr=0.71,0=2,Br=02,X=02and A = -
0.2 (blowing) / 0.2 (suction)

Solid lines depict the case of Blowing

Dashed lines depict the case of Suction

K=0.1,0205,1

40 60 80 100

Figure 10: Bejan number for variation in K
whenM=2,p=T/4 4=2 Pr=071,Br=

2,Q2=02,X=0.2and A= -0.2 (blowing) /
0.2 (suction)
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Solid lines depict the case of Blowing
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Figure 11: Bejan number for variation in M and

Bwhen K=0.2,a=2,Pr=0.71,Br=2,0Q=0.2,

X =0.2 and A= - 0.2 (blowing) / 0.2 (suction)
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Figure 13: Bejan number for variation in A when

K=02,M=2,p=mn/4,a=2,Pr=0.71,Br
=2,0=0.2and X=0.2

Solid lines depict the case of Blowing

Dashed lines depict the case of Suction

Br=1,5,10, 20
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Figure 15: Bejan number for variation in Br
whenK=02,M=2,p=7/4,Pr=0.71,a=
2,Q=0.2,X=0.2and A=- 0.2 (blowing) / 0.2

(suction)
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Solid lines depict the case of Blowing

‘\‘\ Dashed lines depict the case of Suction

Figure 12: Bejan number for variation in Pr
whenK=02,M=2,p=7/4,a=2,Br=2,
0Q=02,X=0.2and1=-0.2 (blowing) /0.2
(suction)

Solid lines depict the case of Blowing
Dashed lines depict the case of Suction

Figure 14: Bejan number for variation in o
whenK =02, M=2,p=7/4,Pr=0.71,Br
=2,0=0.2,X=0.2and A =-0.2 (blowing) /

0.2 (suction)

1 Solid lines depict the case of Blowing
Dashed lines depict the case of Suction
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Figure 16: Bejan number for variation in Q

whenK=02,M=2,="/4 pr=071,a

=2,Br=0.2,X=0.2 and A=- 0.2 (blowing) /
0.2 (suction 0.2 (suction)



Entropy Analysis For Magnetohyrodynamic...

Solid lines depict the case of Blowing

3 Dashed lines depict the case of Suction
0.8

A 0.6
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Figure 17: Bejan number for variation in X
whenK=0.2,M=2,B8=m/4,Pr=0.71,
0=2,Br=02,Q=02andA=-0.2
(blowing) / 0.2 (suction)

5. Conclusion
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Figure 18: Skin Friction coefficient for
variation in K, M and f for both blowing
and suction

A mathematical simulation has been undertaken for the flow, heat transfer and entropy
analysis in a steady flow of a conducting fluid over a non-isothermal linearly stretching
sheet in porous medium subject to suction/blowing. The governing boundary layer
equations are converted to ordinary differential equations by using similarity
transformations. A closed form solution is obtained for the momentum equation which is
used in the energy equation. The energy equation is highly non-linear hence has been
solved numerically by finite difference scheme. The velocity and temperature fields are
utilized to compute entropy generation. We observe that:-

1. Entropy generation number increases with an increase in Hartmann number and
its angle of inclination, wall temperature parameter, Brinkman number and

characteristic temperature ratio.

2. Entropy generation number deceases with an increase in the permeability
parameter, blowing/suction parameter, Prandtl number and non-dimensional
length.

3. Bejan number decreases with an increase in permeability parameter, Hartmann

number and angle of inclination of imposed magnetic field, Prandtl number, wall
temperature parameter, Brinkman number, characteristic temperature ratio and

the non-dimensional length.

4. Bejan number increases with an increase in blowing/suction parameter.

Skin Friction coefficient increases with an increase in permeability parameter
while it decreases with an increase in Hartmann number and its angle of

inclination.
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