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In this paper the analysis of entropy generation of unsteady MHD fluid flow passing through the stretching sheet under
the influence of Soret and the chemical reaction has been investigated. The multiple slip effects, suction/injection are
considered to analyze the entropy generation rate. The non-linear governing equations are transformed into the first order
differential equations using suitable similarity transformations. The resulting boundary value problem is solved by using the
MATLAB built in bvp4c solver technique. Numerical values of skin friction coefficient, Nusselt number, Sherwood number
and irreversibility ratios are shown in tabular form. Further uniqueness of this work is to find the various irreversibility
ratios at the surface due to the effect of thermal and mass diffusion, magnetic field, combined effect of heat and mass
transfer over total entropy generation number. It is noticed that to reduce the irreversibility and to boast up the efficiency we
have to control the values of chemical reaction parameter (K,), Prandtl number and suction/injection parameter.
Irreversibility due to combined effect of heat and mass transfer contributes more wastage than others.
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1 Introduction

Entropy generation analysis method is employed to
reduce the wastage production of the engineering
devices. The optimal performance of thermodynamics
devices is obtained by reducing the rate of entropy
generation. Bejan'? was the first who introduce the
idea of minimization of entropy generation. In recent
years various researchers have been inspired to
perform research on different applications of
generation of entropy. Srinavasacharya & Bindu®*
have studied the second law analysis of micropolar
fluid flow. Rashidi®, Govindaraju et al.®’, Afridi &
Qasim® & Abolbashri et al.’ have examined the
production of entropy in the presence of both
Newtonian and non-Newtonian fluid flow model.
Recently Dey & Hazarika™ have analyzed the entropy
generation of micropolar fluid flow using bvp4c
solver. This method is well established procedure in
thermal systems and engineering. Entropy generation
analysis plays an important role in thermal machines
such as power plant, refrigerators, heat pumps, air
conditioners etc. The main sources of irreversibilities
are due to (i) heat transfer, (ii) imposition of magnetic
field, (iii) fluid friction irreversibility, (iv) diffusive
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irreversibility etc. The efficiency of energy
transportation in a system can be improved by
minimization of wastage production.

Fluid flow with multiple slip effects has several
applications in engineering and industrial systems.
Navier™ introduced the concept of no slip condition to
incorporate the possibility of fluid flow in the solid
boundary. The slip can occur if the working fluid
contain concentrated suspensions. Slip effects of
MHD fluid flow over a flat plate has been studied by
Das et al."”. Zhu et al.”®* & Chauhan & Olkha'* have
examined the simultaneous effect of partial slip on
fluid flows.

Nowadays the applications in science and
engineering the MHD fluid flow over a stretching
surface have attracted many researchers. Stretching
sheets have been widely used in the process of the
boundary layers through liquid firm, concentration
process, aerodynamics extructions of plastic sheets
etc. Many researchers have shared their ideas and
important findings of MHD fluid flow problems by
considering the stretching sheets with heat and mass
transfer. Some significant researches on fluid flows
over a stretching sheet are reported in Refs.> %, In
this paper we have extended the works of Mabood &
Sateyi™ by analyzing the irreversibility with heat and
mass transfer under the effect of multiple slip, soret
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and chemical reaction parameter with the help of
MATLAB built in bvp4dc solver technique. A
comparison is presented with the previous work done
by Mabood & Shateyi®® & Ali*® we have obtained a
good agreement with the previous result.

2 Formulation of the problem

A two-dimensional MHD flow of an
incompressible electrically conducting fluid over a
permeable stretching surface in the occurrence of
chemical reaction has been considered. The x-axis is
measured along the sheet, and y-axis is normal to it as
shown in Fig. 1. Sheet is moving with the velocity

U(x) = 1‘i—’zt A Transverse magnetic field B(x) =
1

Box 2z, (x # 0) has been applied, where B, #+ 0 .Let
us assume that the induced magnetic field is
negligible as compared to the applied magnetic field.
The governing equations for the continuity,
momentum, energy, and species concentration are as
follows (Maboob & Shateyi™):

ou , v _

P Foi 0 (1)
ou ou au u(0%u g2t N

ot ' “ox ay p ay ) 9Pr

(T_Too) +gﬂc(c Coo) (2)
aT 6T 2T  u [(9u\? o u?

E+ + aﬁ+—(5) —O'Boj (3)
ac DTa T

_—D - -
mayz Teo Y2

—k(C—Cy) ..(d)
The relevant Boundary Conditions are
Aty =0:u = U, + ugip, v =1, T =T, + Tg;p,, C =
Cw + Cslip (5)
y

F
Unw Tnnn ng

0 Vyr Cope Ty U, =

Fig. 1 — Flow diagram.

Atu—-0,T 5Ty, C - Cyp ...(6)

Using the similarity transformations,
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The non-linear partial differential equations (1)-(4)
with the relevant boundary conditions can be
transformed into the set of ordinary differential
equations:
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Boundary conditions:
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The volumetric entropy generation rate per unit
volume can be defined as (Bejan'?', Dey &
Hazarika'®
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Where the first, second, third and fourth terms of the
equation (13) represent irreversibility due to heat
transfer, energy dissipation, imposition of magnetic
field and combined effect of heat and mass transfer.

Using the similarity transformation, we have the
entropy generation number.
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Bejan number (Be) is the ratio of irreversibility due
to heat transfer to the total entropy generation number
(Ns)

1\2[0? + Re (6'()’]
(}) Ns

Here we have considered the irreversibility ratios
due to energy dissipation (Be,), magnetic field (Be,)

and combined effect of heat and mass transfer Bes.

o
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The local skin friction co-efficient (Cs), Nusslet
Number (Nu) and Sherwood number are defined as
follows:
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Now using the similarity transformations, the
reduced skin friction coefficient (C,f,), Reduced
Nusselt Number (Nu,,) and Sherwood number
(Sh,) are defined as

Nitypy = f7(0), Nutpy = 2= —6'(0)  and  Shy =
Shy _
\/R_ex - ¢ (0)

3. Numerical Methodology

In this paper we have used the MATLAB built in
bvp4c solver technique to solve the problem. First of
all, we have expressed the transformed system of
ordinary differential equation in terms of first order
ordinary  differential equation .(Shampine &
Keirzenka®, Dey et al.”® & Dey & Chutia®

fenf =d=0,f" =2 =130 = 12,6 = 7} =
Zs5, ¢ =26, ¢’ =26 = 24

fl"=z= (222—2123)+/1(22 +gz3)—Grz4—
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In similar way we can express the transformed
equations (9), (10) in terms of first order ordinary

differential equations. The boundary conditions can
be expressed as

71(0) = f, 22(0) = 1 + e z5(0)
Z5(0) - 0

4 Results and Discussion

The non- linear differential equations along with
the relevant boundary conditions are solved using
MATLAB built in bvp4c solver technique. Table 1
depicts the numerical values of Nusselt number
(—6'(0)). To validate the results, we have considered:
e=e =e,=f,=A=M=k;=Fc=1 =1, =
0. Numerical results show a better agreement with the
previous work done by Mabood & Shateyi'* & Ali*°.

The fixed values assign to the physical parameters
are M =2,Sc=0.60,1=0.5,5, =0.6,Gr =0.5,Gm =
0.6,Ec =0.2,Pr =0.71,Br =2,Re =2,X = 0.5,e =
0.5,e; =0.6,e, =0.5,f, =15. Here, we have
calculated the values of different irreversibility ratios
at the surface of the stretching sheet. In Table 2 we
have presented the values of skin friction co-efficient,
Nusselt number and Sherwood number for various
values of M, Pr, Ec and Sc. It is seen that the rate of
heat transfer enhances for the rising values of Pr and
Sc but in case of Magnetic parameter (M) and Eckert
number (Ec) an opposite result is obtained. Schmidt

Table 1 — Comparison the values of Nusselt number (—8°(0))
for various values of Prandtl Number (Pr)ywhene =e; = e, =
fo=A=M=ki=FEc=14=4,=0

Pr Ali® Mabood & Shateyi’®  Present Result
0.71 0.8058 0.8088 0.8048

1.0 0.9691 1.0000 1.0005
3.0 1.9144 1.9237 1.9235

10 3.7006 3.7207 3.7205

Table 2 — Numerical values of Skin friction, Nusselt Number and
Sherwood number at the surface (n = 0) for different values of
M, Pr,Ecand Sc

M Pr Ec Sc  fU0) —6°(0) —¢’(0)
1 -1.3037  0.8531  0.6500
4 -1.6727 07621  0.6340
6 -1.8400 07299  0.6263
0.71 -1.4498  0.8134  0.6460

1 -14547  0.8980  0.6154

3 -14587  1.1687  0.4651

0.1 14514  0.8285  0.6477

0.2 -1.4498  0.8134  0.6460

03 -1.4481 07984  0.6443

060 -1.4498 08134  0.6460

10  -14672 08142  0.739%

15  -1.4804 08148  0.8189
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number plays positive impact on rate of heat transfer
is greatly affected by the increasing values of Sc but
magnetic parameter, Prandtl number and Eckert
number influences to diminish the rate of mass
transfer. We also observe that, with the enhancement
of the magnetic parameter M, Prandtl number Pr and
Schmidt number Sc, the skin friction significantly
increases.

Table 3 portrays the irreversibility ratios at the
surface of the stretching sheet (n = 0) for different
values of Magnetic parameter M, multiple slip
parameters  for  velocity, temperature  and
suction/injection parameter f;,. For all the parameters
M, f,, and e mentioned in the table 3, Bejan number
shows enhancement but a negative impact is found in
case of temperature slip parameter (e;) which will
boost the efficiency of the system. Suction injection
parameter f,,, temperature slip e;and magnetic field
parameter(M) shows positive impact on the values of
Be; but in case of velocity slip parameter e, this value
experiences decreasing trend. Imposition of magnetic
field results the reduction of irreversibility and
enhancement of the efficiency of the system.
Irreversibility due to combined effect of heat and
mass transfer (Bes) contributes more wastage
production than others which will reduce efficiency of
the system.

Figures 2-7 demonstrate the entropy generation
number against n for various values of Magnetic
parameter M, chemical reaction parameter K, Prandtl
number Pr, velocity slip parameter e, temperature slip
parameter e;, suction/injection parameter f,, and
concentration slip parameter e,. Fig. 2 depicts that the
Ns is decreasing near the surface of the stretching
sheet for rising values of M. This can be explained

Table 3 — Numerical values of Bejan number (Be), Be,, Be, and
Bey at the surface of the stretching sheet (n = 0).

M fw e e, Be Beq Be, Beg
1 0.1526  0.0735 0.4060 0.3679
2 0.1558 0.0948 0.3640 0.3855
3 0.1585 0.1130 0.3381  0.4096
0.5 0.1770 0.1147 0.1513 0.5570
1.0 0.2018 0.1268 0.1187 0.5526
15 0.2258 0.1361 0.0899 0.4762
0.1 0.2056  0.1555 0.0640 0.5750
0.3 0.2448 0.0819 0.0410 0.6320
0.5 0.2629 0.0502 0.0298 0.6715
0.2 0.2685 0.0408 0.0261 0.6645
0.4 0.1964 0.0474 0.0284 0.7277
0.6 0.1490 0.0522 0.0299 0.7087
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Fig. 2 — Entropy generation against n for different M.

Fig. 3— Entropy generation against n for different K;.
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Fig. 4 — Entropy generation against n for different Pr.
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Fig. 5 — Entropy generation against n for different e (\VVelocity slip).
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Fig. 6 — Entropy generation against n for different e,
(Temperature slip).

Fig. 7 — Entropy generation against n for different f,,
(Suction/injection).

from the physics of the problem, since by applying
the transverse magnetic fields leads to form the
Lorentz force which tends to resist the fluid flow and
temperature increases. Consequently, the resulting
entropy generation rate decreases. Fig. 3 reveals that
rate of entropy generation follows reduction near the
surface of the stretching sheet with the increment of
chemical reaction. Fig. 4 shows that Prandtl number
(Pr) helps to enhance the entropy generation and
reduce the efficiency. Figs 5 & 6 depict the effect of
slip parameters for velocity and temperature on
entropy generation number. It is noticed from the
figures that both the slip parameters inversely effect
on entropy generation and directly proportional to the
efficiency.

Maximum value of entropy generation number is
observed in the vicinity of the stretching sheet for
rising values of f,,. Furthermore, moving away from
the surface to the edge of the boundary layer entropy
generation number shows reduction (Fig. 7).

5 Conclusions
The following conclusions are obtained based on
the graphical tabular results:

1 Shear stress decreases as Ec enhances and to
reduce the shear stress we have to control the
values of M, Pr and Sc.

2 The rate of heat transfer at the surface enhances
as a result of increasing Pr and Sc and decreases
for M and Ec.

3 lrreversibility due to combined effect of heat and
mass transfer contributes more  wastage
production than others.

4 To reduce the irreversibility and to boast up the
efficiency we have to control the values of
chemical reaction parameter (K,), Prandtl number
and suction/injection parameter (f,,).

5 Entropy generation number reduces for the
increasing values of Magnetic parameter M,
multiple slip parameters for velocity and
temperature.

Nomenclature

¢ Stretching rate

B, Magnetic field of constant co-efficient
Br Brinkman number

Greek Symbols

n Similarity variable

U viscosity

v kinematic viscosity

a Thermal diffusivity

Br Thermal expansion co-efficient

B. Concentration expansion co-efficient
A unsteadiness parameter

p density of fluid

A1 Thermal bouncy parameter

A, Concentration boundary parameter
o Stephan Boltzmann constant
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