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Abstract: The present article dicusses the computational
analysis of entropy generation for the stagnation-point
flow of Sutterby nanofluid over a linear stretching plate.
The Sutterby fluid is chosen to study the effect for three
major classes of non-Newtonian fluids, i.e. pseudoplastic,
Newtonian, and dilatant. The effects of pertinent physi-
cal parameters are examined under the approximation
of boundary layer. The system of coupled nonlinear par-
tial differential equations is simplified by incorporating
suitable similarity transformation into a system of non-
linear-coupled ordinary differential equations. Entropy
generation analysis is conducted numerically, and the
results are displayed through graphs and tables. Signifi-
cant findings are listed in the closing remarks.
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1 Introduction

In many industries and manufacturing processes, dif-
ferent types of fluids are encountered, such as polymer
melts, colloidal suspensions, organic chain mixtures,
etc. The Naiver-Stokes equation alone is insufficient to
describe the rheological properties of these fluids. There-
fore, to depict the rheological properties of complex
fluids, many nonlinear fluid models are nominated. The
Sutterby fluid model [1] is one of the non-Newtonian
fluid models used to analyze the significant properties of
pseudoplastic and dilatant fluids. This model has an edge
on other models. As for the different values of power law
index m, it shows the behavior of the Newtonian fluid,
shear thinning, and thickening fluids. That is, when
m=0, this model deduces from the Newtonian fluid;
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when m<0, it exhibits the properties of pseudoplastic
fluids; and when m >0, it shows the rheological trends
of shear thickening fluids.

The boundary layer flow of non-Newtonian fluids is
of immense interest because of its wide application in the
extrusion of polymer sheets and emulsion coating, i.e.
photographic films, solutions, and melts of high molecu-
lar weight polymers. The study of boundary layer flows
over a continuous surface was initiated and formulated
by Sakiadis [2]. Lyubimov and Perminov [3] examined the
Williamson fluid flow over a thin inclined surface in the
presence of gravitational field. The boundary layer flow
of an Oldroyd-B fluid under the implementation of con-
vective boundaries was investigated by Hayat et al. [4].
The flow of a Williamson fluid over a stretching sheet by
applying boundary layer approximation was studied by
Nadeem et al. [5]. The flow of a second-grade fluid over a
stretching surface with Newtonian heating was analyzed
by Hayat et al. [6]. Bidin and Nazar [7] performed a numer-
ical analysis of the boundary layer flow over an exponen-
tially stretching sheet with thermal radiation.

Nanofluids have gained immense importance in the
present era in reference to its utility in controlling heat
transfer within the system. Choi [8] was the first one to
experimentally examine the effect of nanoparticles.
Buongiorno [9] contributed mainly in establishing a depth
enquire of all feasible ways through which nanoparticles
slip during the convection of nanofluids. He concluded
that nanofluids contribute in an upsurge of heat transfer
coefficient in the turbulent region because of the devia-
tion of thermophysical properties within the boundary
layer affected by thermopohoresis and temperature gradi-
ent. The Brownian motion and the thermophoresis effect
on the slip flow of alumina/water nanofluid inside a circu-
lar microchannel in the presence of a magnetic field were
examined by Malvandi and Ganji [10].

The stagnation-point flow of a fluid past a stretching
sheet has been given much attention in recent times. This
is in view of their importance in many industrial appli-
cations, such as extrusion, paper production, insulating
materials, glass drawing, continuous casting, etc. The
stagnation-point flow was first investigated by Hiemenz
[11]. Chiam [12] investigated the steady two-dimen-
sional stagnation-point flow of a viscous fluid toward a
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stretching sheet. Khan and Pop [13] studied flow near a
two-dimensional stagnation point on an infinite perme-
able wall with a homogeneous-heterogeneous reaction.
Zhong and Fung [14] contributed by exploring unsteady
stagnation-point flow over a plate moving along the direc-
tion of flow impingement. Stagnation-point flow and heat
transfer over an exponentially shrinking sheet were inves-
tigated by Bhattacharyya and Vajravelu [15]. The unsteady
flow of nanofluid in the stagnation-point region of the
time-dependent rotating sphere was analyzed by Mal-
vandi [16]. In another article, Malvandi et al. [17] exam-
ined the slip effects on the unsteady stagnation-point flow
of a nanofluid over a stretching sheet.

In heat transfer analysis, the measure of disorder is
significant for the knowledge of the efficiency of a system.
Entropy generation number and irreversibility parameter
are helpful in this regard. Entropy generation number
depends mostly on two major factors, i.e. heat transfer
and viscous dissipation. The entropy generation of nano-
fluid in helical tube and laminar flow was discussed by
Falahat [18]. Jie and Clement [19] analyzed entropy gen-
eration for nanofluid flow in microchannels. Hassan et al.
[20] performed the numerical study of entropy generation
in micro- and minichannels. Mahian et al. [21] gave an
experimental review of entropy generation in nanofluid
flow. Moreover, an analytical study on the entropy gen-
eration of nanofluids over a flat plate was conducted by
Malvandi et al. [22]. Few articles are cited [10, 18-29] to
give an aerial view on the study of the entropy generation
of nanofluids.

Motivated by the above-mentioned studies and appli-
cations, the purpose of this paper is to address the effect
of the entropy generation stagnation-point flow of Sut-
terby nanofluid over a linearly stretching sheet. Effects of
thermophoresis and Brownian motion are seen carefully.
Numerical solutions are derived for the resulting nonlin-
ear analysis. Graphical results for different parameters are
discussed. Nusselt and Sherwood numbers are also shown
and analyzed. The comparison of numerical values of
Nusselt number with the previous results is also reported
in the present analysis.

2 Fluid Model

Cauchy stress tensor 7 and extra stress tensor S for the
Sutterby fluid are given as [1]

7=—pI+8, €]
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in which p is the pressure, I is the identity vector, u  is the

viscosity, B is the material constant, and m is the power
law index. The definition of y is

[7]=, %trace(Al)z, (3)
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in which
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The extra stress tensor S becomes
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and by using binomial expansion, we get
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The components of the extra stress tensor S are as
follows:
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S,,=S,,=S,=5,=5,_=0. (11)

Applying standard boundary layer [2] approximations
to the components of tensor, we arrived at
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Consider the steady two-dimensional stagnation-point
flow of Sutterby nanofluid toward a linear stretching
sheet at y=0. Influences of thermophoresis and Brownian
motion are considered. The fluid occupies the region y > 0.
The free stream velocity is assumed to be U (x)=cx, and
the velocity of the stretching sheet is U, (x) =ax, where a
and c are the positive constants. The nanoparticle fraction
C takes the constant value C , and the temperature profile
becomes T _at the wall. C_and T_ are the ambient values
of T and C, respectively. The flow diagrams of the present
flow situation are the governing equations expressed as
follows:

/ Nanoparticles

Microscopic view [ Jue = ax, T - Ty, € = Cos

Entropy generation

Stagnation point

B v w
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After boundary layer assumption and inserting values
ofS_and Sxy, we have the following governing equations:
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with the associated boundary condition
u=u (x)=ax, v=0, T=T (x), C=C (x)aty=0,
u=u_(x)=cx, u—0, T-T, C—C_asy—oo. (22)

In the above-mentioned equations u and v are the
velocity components along the x- and y-directions, respec-
tively. Moreover, p, v, (pc),, (pc)p, k, D,, and D, denote the
fluid density, the kinematic viscosity, the heat capacity of
the fluid, the effective heat capacity of the nanoparticle
material, the thermal conductivity, the Brownian diffu-
sion coefficient, and the thermophoretic diffusion coeffi-
cient, respectively. To facilitate the analysis, we introduce
the subsequent conventional similarity transformation

u=axf'(n), v=—Javf(n), 77=)’J§,

T-T, c-C,
Om=r—r ,¢(,7)_ "

oo w w

(23)

On substituting (23) into (19)—(22) and taking constant
pressure, we have the following system of ordinary differ-
ential equations
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Where primes represent the differentiation with
respect to », and Gr is the local temperature Grashof
number, Br is the local nanoparticle Grashof number, Re is
the Reynolds number, De is the Deborah number, and m is
the power law index. Pr, Sc, N,, and N, denotes the Prandtl
number, the Schmidt number, the Brownian motion para-
meter, and thermophoresis parameter, respectively, and
defined as

2 2 2
Re:ﬂ, De:B a , Gr=ga(T_-T,), Br=ga(C_-C,),
v
c) D.(C -C
Przv(pc)f, se=" A=C, szw
k D, a (pc),v
y _POD(TT) )
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The skin friction coefficient C, the local Nusselt
number Nu, and the local Sherwood number Sh_are
given by

T xq xC
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or
1 m 1
Re2C, =-[ f”(0)+6DeRe(f”(0))3}, Re “Nu_=-0"(0),
L
Re 2Sh =—¢'(0), (30)

where Re =ax?/v is the local Reynolds number based on
stretching velocity u_(x).

4 Entropy Generation Analysis

Heat transfer to fluid flow with apparent viscosity in a
channel is irreversible. Hence, entropy production gets
to be persistent because of the exchange of energy and
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momentum within fluid particles in channel. The expres-
sion for the total entropy generation within fluid system
has been defined by [10, 17-29]:

2 2
S =l—< (BTJ + ar +7-L.
¢ T (\ox dy
The nondimensional form of entropy generation due
to fluid friction becomes
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(32)

where Ns is a nondimensional quantity termed as entropy
generation number, which is the ratio of the actual entropy
generation rate S; to the characteristic entropy transfer
rate SGO. The first term of Ns represents the heat dissipa-
tion and can be assigned as N, and the second term is due
to viscous dissipation termed as N, i.e.

Ns=N_+N_,
2
w2,
an (33)
Bry mReDe , ., ,
NF=A[1+ ;U )ﬂ(f y.

Alternatively, another irreversibility parameter Bejan
number Be is defined as

N,
Be=—12

Ns® (34)

5 The Numerical Solutions

The solution of (24)-(26) along with boundary condi-
tions in (27) is computed by using a numerical tech-
nique known as the shooting method. Here we convert
nonlinear equations into the system of seven first-order
ordinary differential equations by labeling variables, i.e.
=y ' =y[=y,, f"=y;=y,, f"=Y5, 0=y,, O'=y;=y,, 0"=y,,
o=y, 9’=y,=Y,, ¢”=y,.Then we solved it by using the RK
method of order 5. The iterative process will be terminated
when the error involved is <10°.

6 Results and Discussion

To understand the physical properties of the problem,
we have investigated the effects of different parameters
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on fluid flow, temperature, and concentration profiles
through graphs and tables. Figure 1 displays the effect of
stretching parameter A. It can be seen that the velocity
profile increases with the increasing values of A. Here we
examined the influence of stretching parameter (A=c/a)
for the case when free stream velocity is less than the
stretching ratio. Obviously, for the present scenario, veloc-
ity increases for smaller stretching rate. Figures 2 and 3
demonstrate the behavior of the local nanoparticle Grashof
number Br and the local temperature Grashof number
Gr on fluid velocity, respectively. As the Grashof number
is the ratio of buoyancy to viscous forces, a reasonable
increase in the Grashof number results in weaker viscous
forces. Hence, the boundary layer thickness increases. As
the Reynolds number Re is the ratio of inertial forces to
viscous force, this means an increase in Reynolds number
reduces viscous forces. Figures 4 and 5 display the shear
thinning (m < 0) and the shear thickening (m > 0) behavior
of Reynolds number. In the shear thinning case for high
Reynolds number, viscous forces decrease and as a result
fluid velocity reduces, whereas in the shear thickening
case, opposite behavior is formed because viscous forces
decrease and velocity increases. The Deborah number De
is used in rheology to characterize the fluidity of materi-
als under specific flow conditions. The velocity profile
corresponding to the Deborah number lessens for shear
thinning fluid (see Fig. 6), and it enhances when fluid is
shear thickening (see Fig. 7). The contribution of power
law index m is depicted in Figure 8, where m=-1 corre-
sponds to shear thinning fluid, m=0 is a Newtonian fluid,
and m=1 displays shear thickening fluid.

Figures 9 and 10 give the effects of the Brownian
motion N, and thermophoresis parameters N, on tempera-
ture profile 6(y), respectively. Both figures elucidate that
temperature profile as well as thermal boundary layer
thickness increases with the increasing N, and N,. The
increase in N, and N, corresponds to the increase in the
Brownian diffusion coefficient and thermophoretic dif-
fusion coefficient, respectively. Both physical phenom-
ena are well known in significantly affecting the thermal
conductivity of nanofluids. Figure 11 depicts that as the
Prandtl number Pr increases, the mass concentration also
increases. Prandtl number is the ratio of kinematic viscos-
ity to thermal conductivity, the increase in Pr corresponds
to the decrease in thermal conductivity and the increase
in fluid viscosity, which leads to the increase in nanoparti-
cle concentration. However, increasing values of Schmidt
number Sc contribute in nanoparticle concentration in
an opposite manner, as shown in Figure 12. This happens
mainly because of the fact that the Schmidt number is
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the ratio of kinematic viscosity to the Brownian diffusion
coefficient, and an increase in Sc is due to a decrease in
the Brownian diffusion coefficient, which plays a vital
role in lowering nanoparticle concentration. There would
be a significant reduction in concentration boundary layer
when Sc is increased. It is observed that the effect of N,
on the nanoparticle concentration profile ¢(z) is opposite
to that of temperature profile 6(), as plotted in Figure 13.
It is apparent from Figure 13 that mass concentration is
decreasing as N, is increasing. It seems that the Brownian
motion parameter acts to increase thermal boundary layer
and at the same time exacerbates particle deposition away
from fluid regime to surface, which results in a decrease in
the concentration boundary layer thickness. Figure 14 is
plotted for variation in N.. It can be viewed that increasing
values of thermophoresis parameter enhance mass con-
centration. This is because the increase in N, corresponds
to the increase in thermophoretic diffusion coefficient,
enhancing mass concentration.

The variation in total entropy generation number Ns is
shown against » for different parameters in Figures 15-19.
In Figures 15 and 16, the effect of the Deborah number
on entropy generation number has been examined,
which shows that there is an increase in entropy genera-
tion number near the wall for shear thickening fluid and
decrease near the wall for shear thinning fluid. A similar
behavior for Reynolds number in entropy generation can
be seen for shear thinning and shear thickening fluids
(see Figs. 17 and 18). Figure 19 depicts that the (m<0)
entropy generation for shear thinning fluid, the (m=0) Ns
for the Newtonian fluid, and the (m>0) entropy genera-
tion for shear thickening fluid have a significant increase
in Ns when compared with Newtonian and shear thinning
fluids. The Bejan number Be is defined as

_ Entropy generation due to heat transfer

Be
Total entropy generation

The Bejan number ranges from O to 1, and when
entropy generation due to heat transfer is dominant, Be
is close to 1. Figures 20-24 represent the behavior of dif-
ferent physical parameters on the Bejan number. It can
be analyzed that the Bejan number decreases with the
Deborah and Reynolds number for dilatant and increases
for both numbers for pseudoplastic fluids. Figure 24 dem-
onstrates the variation of m for the three classifications.

Table 1 represents the effect of dimensionless para-
meter Gr, Br, A, m, Re, and De on numerical values of skin

1
friction. It is observed that the values of Re 2C, decreases
as the values of these parameters increase. m<0 shows



842 —— E.Azharetal.: Impact of Entropy Generation on Stagnation-Point Flow of Sutterby Nanofluid

1.0f*

06T

0.4r

Gr =Br=0.2, m=0.5,Re=1.0,De =0.3
-

A=0.1,0.2,03,04

Figure 1: Impact of A on f'(y).

0.8}

= 06

0.2}

Gr=0.2,A=0.1,m=0.5,Re=1.0,De =0.3

Br=0.1,0.4,0.7,1.0

Figure 2: Impact of Bron f'(y).

10} ]
. Br=02,A=0.1,Re=10, m=0.5,0De=0.3
\".
o8l \I ]
W
N Gr=0.1,03,05,07
~o06}
<
0.4}
0.2}

Figure 3: Impact of Gr on f'(i).

1.0

0.8

= 06

0.4

0.2

0.8

Figure 5:

1.0

0.8

0.6

0.4

0.2

DE GRUYTER

Gr=0.2,Br=15m=-05De=01,A=0.1
N
A\
Re=1,5,10,15 ]
0 1 2 3 4 5 6

. Gr=0.5,Br=0.2, m=0.5,De=0.3, A= 0.1

Re =1, 50, 100, 150

Impact of Re on f’(y) for shear thickening fluid.

Gr=0.1,Br=02,A=0.1,Re=4.0,m=-0.5

A
-\ R

De=0.1,0.2,0.3,0.4

Figure 6: Impact of De on f’(y) for shear thinning fluid.
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Figure 17: Impact of Re on Ns for shear thinning fluid.
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Figure 18: Impact of Re on Ns for shear thickening fluid.
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Table 1: Computational results of coefficient of skin friction for the
different values of significant parameters.
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Table 3: Numerical results of entropy generation for distinct values
of pertinent parameters.

1
Gr Br A m Re De Re 2C,

0.1 0.5 0.1 0.5 1.0 0.3 0.5486
0.3 0.4882
0.5 0.4282
0.7 0.3684
0.3 0.4 0.5712
0.3 0.6532

0.2 0.7340

0.1 0.8136

0.2 0.2 0.6949

0.3 0.6564

0.4 0.6187

0.5 0.5816

0.1 -0.5 0.7579

0.0 0.7451

0.5 0.7340

1.0 0.6369

0.5 2.0 0.7242

3.0 0.7154

4.0 0.7074

5.0 0.7000

2.0 0.1 0.7376

0.3 0.7242

0.5 0.7126

0.7 0.7024

Table 2: Numerical results of local heat and concentration flux.

1 1
N, N, Pr Sc Re 2Nu, Re 2Sh,
0.1 0.2 10.0 10.0 0.5134 2.4377
0.2 0.3700 2.5889
0.3 0.2755 2.7482
0.4 0.2118 2.8938
0.2 0.1 0.7029 2.3769
0.3 0.1838 2.5794
0.5 0.0395 2.5041
0.7 0.0075 2.4536
0.2 5.0 0.5663 2.3781
10.0 0.3700 2.5889
15.0 0.2224 2.7215
20.0 0.1306 2.7955
10.0 1.0 0.9903 1.0437
2.0 0.8128 1.8837
3.0 0.6851 2.4349
4.0 0.5944 2.8683

the values of skin frictions for pseudoplastic, m>0 for
dilatant fluids, and m=0 for the case of the Newtonian
fluid. The tabulated values of rate of heat flux and rate
of mass concentration for increasing values of N, N,,

m Re De y A N, N, Ns
-2.0 1.2947 -0.7059 0.5888
-1.0 1.3060 -0.7266 0.5794
0.0 1.3151 -0.7451 0.5699
1.0 1.3227 -0.7622 0.5605
2.0 1.3292 -0.7781 0.5511
1.0 3.0 1.3350 -0.7933 0.5418
5.0 1.3448 -0.8216 0.5232

7.0 1.3529 -0.8480 0.5048

9.0 1.3597 -0.8731 0.4866

10.0 0.5 1.3789 -0.9611 0.4178

0.7 1.3901 -1.0316 0.3581

0.9 1.3985 -1.0991 0.2993

1.1 1.4050 -1.1648 0.2402

0.1 0.2 1.3368 -1.5963 -0.2595

0.3 1.3368 -2.3944 -1.3944

0.1 0.2 1.3368 -0.3991 0.9377

0.3 1.3368 -0.2660 1.0707

Table 4: Comparison of values of Nusselt Number -6’(0) with
those of Wang [30], Gorla and Sidawi [31], Khan and Pop [32], and
Makinde and Aziz [33] when A=N,=N, =Gr=Br=0.0, and m=0.0.

Pr [30] [31] [32] [33] Present
0.07 0.0663 0.0663 0.0663 0.0663 0.0663
0.20 0.1691 0.1691 0.1691 0.1691 0.1691
0.70 0.4539 0.4539 0.4539 0.4539 0.4539
2.00 0.9113 0.9113 0.9113 0.9113 0.9113
7.00 1.8954 1.8954 1.8954 1.8954 1.8954
20.00 6.4621 6.4621 6.4621 6.4621 6.4621

Pr, and Sc are shown in Table 2. The increasing values
of all these parameter enhance the Sherwood number,
whereas for the rate of heat flux, an opposite behavior
can be seen. Table 3 illustrates the numerical results for
N, N, and Ns for the different values of important para-
meters. It is observed that values of heat dissipation N,
increase, and viscous dissipation N, and entropy genera-
tion Ns decrease with the increase in power law index m,
Reynolds number Re, and Deborah number De. A con-
stant behavior can be seen for heat dissipation N, cor-
responding to y and A. The values of viscous dissipation
N, and entropy generation Ns decrease for increasing
values of y and increase as A increases. Table 4 shows
the comparison of numerical values of Nusselt number
with the results of Wang [30], Gorla and Sidawi [31],
Khan and Pop [32], and Makinde and Aziz [33] in the lim-
iting sense. An excellent agreement is observed among
all the results.



DE GRUYTER

7 Conclusion

From the previous section after the graphical and compu-

tational results and discussion on the behavior of several

physical parameters, eminent findings are enlisted as
follows:

— Theratios of inertial to viscous forces and characteris-
tic parameter of the fluidity of fluid contribute oppo-
sitely in shear thinning and shear thickening fluids.

— Thermal boundary layer enhances for the Brownian
motion parameter and N, whereas mass concentra-
tion boundary layer shows the opposite behavior of N,.

- Prandlt and Schmidt numbers affect mass concentra-
tion reversely.

— For De and Re, entropy generation number behavior is
opposite to each other for shear thinning and thicken-
ing fluids, respectively.

— Ns increases near the stretching sheet for variation
is the power law index, while a reverse pattern is
observed afterward.

- De and Re affect irreversibility parameter in an oppo-
site manner for shear thinning and thickening fluids,
respectively.

— Coefficient of skin friction is observed to decay for all
significant parameters.

—  Contribution of pertinent parameters is opposite for
Nu number as compared with Schmidt number.

— Power law index, Re, and De increase the contribution
of heat dissipation and decrease viscous dissipation
in entropy generation number.

- vydecreases viscous dissipation, whereas A increases it.

Nomenclature

positive constants and dimensionless component of
velocity

a,cf

p.c, pressure and specific heat

Gr, Br local temperature and nanoparticle Grashof numbers

N, N, thermophoresis and Brownian motion parameters

De, Sc, Re Deborah, Schmidt, and Reynolds numbers,
respectively

D, D, Brownian and thermophoretic diffusion coefficients
respectively

(po)y (po), heat capacity and effective heat capacity

B,S material constant and Extra stress tensor

k,m thermal conductivity and power law index

T, 4, shear stress and heat flux at wall

Pr, A Prandtl number and stretching ratio parameter

G, C,C, nanoparticle fraction, wall and ambient fractions
respectively

I,T,T, fluid temperature, wall and ambient temperatures
respectively
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C,Nu,Sh  skin friction coefficient, local Nusselt and Sherwood
numbers

Ses SGn entropy generation rate and characteristic entropy
transfer rate

Ns, Be entropy generation and Bejan numbers

N, N, heat and viscous dissipations

u,v velocity components in x and y-directions

X,y Cartesian coordinates

Greek symbols

n dimensionless space variable

¢ dimensionless concentration

0 dimensionless temperature

TR kinematic and dynamic viscosities

p fluid density

T stress tensor

Subscripts

w wall conditions
oo conditions at infinity
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