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Abstract

In this study, entropy production in flow along with heat transport of non-Newtonian
fluid via porous medium, is analyzed. For fluid flow via porous medium, a modified Darcy
resistance term, is taken in the momentum equation for third-grade fluid. Temperature-
dependent viscosity is considered using Vogel’s model viscosity. Using adequate transfor-
mations, the momentum and heat transport equation are reduced to non-dimensional form
and solved analytically invoking homotopy analysis method on MATHEMATICA software.
Effects of parameters arising in the study are depicted by graphs on velocity distribution,
temperature distribution, and entropy production with Bejan number and discussed. For va-
lidity of current findings, the values of velocity and temperature are computed for particular
values of the parameters and equated with previously published results, excellent agreement
achieved. Furthermore, skin-friction coefficient and Nusselt number values are expressed
in tabular form for various values of relevant parameters and discussed. It is noticed that
slip parameters (y) and (3) reduce the entropy generation number (NS). Also noticed that
skin friction coefficient upsurges with rising velocity slip parameter () value while, effect of
temperature slip parameter (3) is observed to lessen Nusselt number in the absolute sense.

Keywords: Non-Newtonian fluid, Porous medium, Velocity slip, Temperature slip, Entropy
production, Bejan number, Homotopy analysis method

Introduction

“All real-life processes are irreversible in nature” [1]. Entropy, a physical quantity de-
scribed in second law of thermodynamics, is considered as an effective measure of irre-
versibility in thermodynamic systems. It is experienced that entropy produced in systems
reduces the utilization of available work and thus lowers their efficiency. The determination
and understanding of the integral ingredients responsible for entropy production is crucial in
enhancing the performance of systems. Optimization of energy is the fundamental objective
in engineering design of any thermodynamic system. This can be reached by minimization of
entropy production in processes. Thus, analysis of entropy production plays a central role in
optimization of cost and energy in science and engineering sectors like cooling of electronic
devices, heat exchangers, energy storage systems and so on.
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Entropy production concept and its minimization in thermal systems was introduced by
Bejan [2, 3]. Chauhan and Kumar [4], discussed entropy production in third grade fluid
flow using Reynold’s model viscosity, in partially filled annulus. Adesanya and Falade [5],
discussed entropy production in flow of third grade fluid using regular perturbation method
under consideration of Lorentz force impact. Sobamowo and Akinshilo [6], examined 4 grade
flow in case of temperature-dependent viscosities taking internal heat generation into account,
through a pipe and analysed entropy production. Madhavi ef al. [7], explored entropy pro-
duction in a third-grade convection flow from a cylinder applying slip conditions. Madhu et
al. [8] examined entropy production in third grade fluid flow in a microchannel with variable
viscosity and magnetic field impact. They presented numerical solution using finite element
method. Zhang et al. [9], examined the entropy production in natural convection flow of vis-
cous and non-Newtonian fluids through a L-shaped cavity considering magnetic field impact.
Shashikumar et al. [10], performed entropy production analysis in inclined microchannel in
case of Williamson fluid flow with thermal characteristics. Vyas ef al. [11], have performed
entropy production analysis in Casson fluid flow in a channel with stretchy walls.

Third-grade fluid, a non-Newtonian differential type fluid, is capable to describe the
shear thickening and shear thinning phenomena. Such fluids are extensively used in indus-
trial and engineering processes. Therefore, flow of polymers, liquid metals, lubricating oil,
and suspensions can be modeled by third-grade fluid and the study of such flow problems
have been a subject of extensive research in recent years. The detailed stability analysis of
third-grade fluid was presented by Fosdick and Rajagopal [12]. Massoudi and Christie [13],
discussed the variable viscosity impacts in case of third-grade fluid flow through a pipe con-
sidering viscous dissipation impact. Ariel [14], obtained analytical expressions for flow of
such a fluid via a porous channel, whereas Ali ef al. [15], presented analytical expressions
for peristaltic flow through a circular tube. Perturbation solution of third-grade fluid flow in
a parallel plates channel was obtained by Yurusoy ef al. [16]. Slip effects were discussed
on steady flow of a third-grade fluid in annular cylinder by Ellahi et al. [17]. Heat-mass
transport in time dependent flow of third-grade fluid owing to a stretchy surface was exam-
ined by Hayat ef al. [18], incorporating chemical reaction impact. Variable viscosity effects
on a third-grade fluid flow over a radiative surface with Arrhenius reaction was discussed
by Ogunsola and Peter [19]. Hagen-Poiseuille flow along with heat transport in third-grade
flow under influence of variable viscosities and internal heat generation was discussed by
Ogunmola et al. [20]. Khan et al. [21], examined chemical reaction effects on third-grade
flow owing to a stretchable surface with variable reactive index and a magnetic field.

The study of flow problems of non-Newtonian fluids via porous medium is important due
to several applications of practical importance like, in food processing, manufacturing of ce-
ramics, polymer production, oil recovery, geothermal flow and so forth. Several researchers
devoted significant efforts for non-Newtonian fluid flow in porous medium considering var-
ious flow configurations. Aksoy and Pakdemirli [22], discussed third-grade flow with modi-
fied Darcy’s law in a channel via porous medium, and obtained approximate solution. Hayat
et al. [23], discussed Poiseuille flow of non-Newtonian fluid in a parallel plate channel with
permeable walls through porous medium. Baoku et al. [24], performed heat-mass transfer
analysis of third-grade flow past an upright permeable plate adjacent to a porous medium
considering influence of a Lorentz force with partial slip. Prasad ef al. [25], investigated
flow of Jeffrey fluid along with heat transport past a vertical permeable plate adjacent to non-
Darcian porous medium using numerical techniques, under assumptions of boundary layer.
Akinshilo [26], examined the third-grade fluid flow in porous medium together with heat
transport under internal heat generation. Ahmed and Igbal [27], investigated flow along with
heat transport of non-Newtonian power-law fluid using Darcy Brinkman porous medium in
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annular sector with a magnetic field. Natural (free) convection in non-Newtonian flow via
porous medium with heat source was investigated by Maghsoudi et al. [28]. They found
that upsurge in value of heat source parameter decreases both velocity and temperature. Fur-
ther noticed, velocity also decreases with the enhancement in porosity parameter. Rundora
and Makinde [29], examined numerically the slip effects on time dependent third-grade flow
via porous medium considering influence of Lorentz force. Priyadarsan and Panda [30] ex-
plored heat transport in time dependent flow of a 4-grade fluid in a channel in porous medium
under consideration of time dependent suction and a magnetic field. Olkha and Dadheech
[31, 32], have studied non-Newtonian flow via porous medium owing to permeable stretchy
sheet under consideration of Lorentz force impact and analysed entropy production. Olkha
and Kumar [33], studied heat and mass transport in Casson fluid flow in a vertical annulus
via porous medium. Anasuya and Srinivas [37], have examined viscous 2 fluid flow via
porous medium in an inclined channel together with heat transfer characteristics. Maatoug
et al. [38], have analysed squeezed flow of Jeffery nanofluid in a horizontal channel consid-
ering variable chemical species and viscous dissipation impact. Ganjikunta et al. [39], have
explored non-Newtonian second-grade fluid flow through porous medium influenced by an
inclined moving permeable surface considering absorption radiation and chemical reaction.
Bafakeeh et al. [40], have discussed time dependent rotating flow of second grade fluid via
porous medium over an upright plate together with impacts of thermal radiation and chemi-
cal reaction. Raghunath and Mohanaramana [41], also investigated time dependent flow of
a second grade fluid through porous medium past an inclined plate considering chemical re-
action and inclined magnetic field. Deepthi ef al. [42], have studied heat and mass transport
in radiative second grade flow via porous medium along with Hall and ion slip effects, dif-
fusion thermal, and radiation absorption impacts. Kodi and Ravuri [43], performed analysis
of heat and mass transport in Kuvshinski fluid flow via porous medium invoking impacts
of radiation and inclined magnetic field. Devi and Srinivas [44], have investigated 2 lay-
ered flow of non-Newtonian viscoelastic fluid in a vertical channel with porous walls along
with heat and mass transport. They assumed pressure gradient to be of oscillatory nature
and obtained exact solution utilizing regular perturbation scheme. Kumar et al. [45], have
performed analysis of flow, heat and mass transfer in Casson nanofluid flow over an expo-
nentially stretching sheet invoking impacts of Lorentz force and heat transfer characteristics.
Li et al. [46], have studied time dependent squeezed flow of Casson fluid across a horizontal
channel via porous medium considering effects of activation energy, chemical reaction and
magnetic field. Mixed convection flow of Maxwell nanofluid in a vertical cone via porous
medium with varying heat conductivity and Lorentz force impact has been examined by Kodi
et al. [47].

In aforementioned literature survey we found that there are only a few studies on non-
Newtonian flow of grade 3 incorporating entropy production analysis under slip conditions.
In this investigation we examined the impact of velocity and temperature slip on flow along
with heat transport of a third grade fluid and entropy production. The fluid flow is assumed
via porous medium in a parallel-plate horizontal channel under consideration of a heat source.
The ruling modeled equations reduced to non-dimensional form under adequate transforma-
tions are tackled analytically utilizing homotopy analysis method on MATHEMATICA soft-
ware. We have used velocity slip boundary condition in this problem because there are non-
Newtonian fluids like emulsions, suspensions, polymer melts etc. which exhibit boundary
wall slip. Such fluids are significant due to important technological applications, for exam-
ple, in polymer processing and artificial heart valves polishing. We have used temperature
slip condition also. The study is novel due to consideration of entropy production analysis
in non-Newtonian third grade fluid flow together with heat transfer and slip boundary condi-
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tions. Solution of the problem by homotopy analysis method (HAM) also enhanced novelty
of the investigation.

Mathematical formulation

We consider flow of non-Newtonian fluid of third grade via porous medium in an infinite
parallel-plate channel. The channel stationary walls are impermeable, and kept at distance &
from each other. Cartesian co-ordinate system is considered. We consider z— and »— axes
lying in the lower plate, while y— axis perpendicular to it (Figure 1). The flow is propelled by
applying a pressure gradient (constant) at the entrance of the channel. We have assumed that
the channels walls are of infinite length in z— and z— directions. Therefore, all the physical
quantities are taken as function of y only.
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Figure 1: Geometry of the problem.

The governing momentum and energy equation for flow of non-Newtonian fluid of third-
grade in porous medium, following Aksoy and Pakdemirli [22], Akinshilo [26], are;

didu _d*u du\’d*u ou |_ du\?| dp
dpdu  GaU duytdia _ ou s L og ()| 2 1
dydy M 2+6ﬁ3<dy) e ol A d O
2T (du\’ du\*
e i) () a0 @

here @, the fluid velocity; p, the fluid viscosity; 3;, the non-Newtonian parameter; K,
porous medium permeability; ¢, the porosity; p, the pressure; 7, the fluid temperature ; 73,
the temperature of the lower plate; », represents thermal conductivity and ¢, represents heat
source parameter.

The adequate boundary conditions considered for present problem are;

du dar
ty=0; 1=y —, T—T, = B — 3
aty ;U aldy, 1 ldy ()
du T
ty=h; t=—a1—, T —Ty = —B;— 4
aty ;u aldy, 2 1dy ()

We take non-dimensional quantities mentioned below;

A 4 g I=h (5)

Y =t —
77—h7 ,U /1407 u U7 T2_T1’

Using above the Egs. (1) and (2) reduce to the following non-dimensional form;
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du du d?u du\ “ d?u du

ared, Y L B IR - P

dn dn +'ud712 +65° (dn) dn? 28 (dn) (6)
d*0 d du\*
T I‘(dz> +2r,3*(dz) +860=0 (7)

here U, the reference VClOClty; o, the reference viscosity; g* = fS [{LQ , the d1mens1onless third-

grade parameter; K = the porous medium parameter; I' = the Brinkman

SR W

number; 75, the temperature of the upper plate; S = ‘Ih , the non-dimensional parameter of

heat source and P = #’LU SE, represents the pressure gradlent in non-dimensional form.
The corresponding boundary conditions (3) and (4) are reduced to;

du df
otn=0; u=rt, g= % ®)
du df
atn=1 u=—-—y—, 0=1—-3— 9
1 Vi p )

Where v = 2L, the slip parameter for velocity; a4, the velocity slip length; 8 = 5, the tem-
perature slip parameter and B, the temperature slip length.

For Vogel’s model, the viscosity and temperature are related in the following form, (fol-
lowing Massoudi and Christie [13]);

A
= exp (g~ ). (10)
Applying Taylor series Eq. (10) can be written as;
Af
p=a(i-%). (1)

here a = p. exp (A/B — 0, ), s = o €Xp (6,), A and B are non-dimensional Vogel’s viscosity
parameters and 6,,, the wall temperature.
Using (11) Egs. (6)-(7) can be expressed as;

A df du A0\ d*u L (du 2d2 A0 (du)?

20 A0\ [du\® L (du*

Quantities of physical importance

—p  (12)

Coefficient of skin-friction

The coefficient of skin-friction at the lower channel wall, (Cy), _, s given by;

(€0 = [m;ﬁm]n w2 (G ” (14)

n=0
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Nusselt Number
The non-dimensional temperature gradient (Nusselt number) at the lower wall is given
by;
h oT
Nu = — — =-0'(0 15
=g (3y) =00 (15)

Homotopy analysis method

In this study, we use Liao [34, 35], concept of HAM for the analytical solution of the
governing equations. We choose the following initial estimates and auxiliary linear operators
for the use of HAM:

wo(n) =0, Oo(n) = fffg, (16)
Ly =", Ly=10", (17)

which fulfil the criteria mentioned below;

L[CL+Can) =0, L5[C5+ Can] =0 (18)
where C;(1 < i < 4) are arbitrary constants, and the zeroth-order deformation equations are
given by;

(1= s)Lo[u(n, s) = uo(n)] = shaNy[u(n, s), 6(n, s)] (19)
(1= 5)L5[0(n, s) — bo(n)] = shaNg[u(n, s), 0(n, s)] (20)

where 7, and #, represent nonzero convergence control parameters, and the nonlinear operator
N, and N, are defined as;

Nu[u(nv S)a 9(777 5)} -

oA du(ns) dblns) (| AN dulns)
B2 dp dn B2 dn?

(21
L[ du(ns)\* d*u(n,s) adf(n,s) | o (duln,s)\?
+643 ( a ) e — Ku(n,s) <a — B2 + 26 ( a ) > - P
_ d?0(n, s) al1- Ab(n, )\ (du(n,s)\”

4
+ 25" <6m5l7777:5)> + 560(n, s)

where s € [0,1] is an embedding parameter and the corresponding boundary conditions are
given by;

U(O, 5) = ’yu/(07 S)? U(L S) = —vu’(l, S)a (23)
0(0,s) = B0'(0,s), 0(1,5) =1—B0'(1,s), (24)

For s =0 and s = 1, we have;

u(n,0) = uo(n), w(n,1)=wu(n), 6(n,0)=6b(n), 0(n,1)=06(n) (25)
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As s varies from 0 to 1, u (n, s) varies from initial approximation w, () to the required
solution u (n) of the Eq. (12) and similarly 6 (5, s) varies from 6, () to 6 () as the required so-
lution of Eq. (13). Expanding « (5, s) and 6 (5, s) in the embedding parameter s, using Taylor’s
theorem, we can write the following expressions;

u(n, ) = uo(n) + > um(n)s™, (26)
0(n,s) = Oo(n) + Z Om(1)s™, (27)
m=1
where;
) = [ 2] o = [T (28)

Auxiliary parameters are mostly responsible for the series’ convergence. Assume that
the auxiliary parameters (%, and #,) are chosen so that the series (26)—(27) in converges at
s =1, then;

f(ﬁ) = fo(ﬁ) + Z fm(n)a (29)
0(n) = bo(n) + D Om(n), (30)
m=1

mth order deformation equation and corresponding boundary conditions are given by;

Ly [um(n) = emum—1(n)] =~ S5, (n), (3D
L[0m(n) = embm—1(n)] = 1S, (), (32)
wn(0) = Yt (0), (1) =~y (1), 6,(0) = 80,/ (0), 6, (1) = 1~ B0, (1) (33)
where;
Sm(n) = *%13 (Tnzl u;n—l—k0;c> ta <UZ1—1 - % <mZ1 U;;z—1—k9k>>
k=0 k=0

0

A m—1 m—1 n
K (aum_l - 2—2 (Z um_l_kek) +2B* (Z Um—1—n Zu%_kuﬁc))) (34)
k=0 ]

n=0

(35)

where ¢, =0, ifm <1; 1,ifm > 1

The general solution of Egs. (31)-(33) is given by;

U (1) = Uy, () + C1 4 Can (36)
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Om(n) = 67,(n) + Cs + Can (37)

where v*,(n) and 67, (n) are the particular solutions and C;(1 < i < 4) are the constants deter-
mined using boundary conditions with the help of the symbolic computation software MATH-
EMATICA.

Convergence of the HAM solution

According to Liao and Tan [36], the range of the nonzero auxiliary parameter (%) has a
significant impact on the convergence region and rate of the HAM series. As #; and #, are
involved in Egs. (36)—(37), we can expand the HAM solution’s convergence zone. To find
the appropriate region of 7; and #,, we draw the #i—curve for 10th, 15th, 20th, 25th, and 30th
order approximations (Figures 2—3). With the help of these figures, we can easily see that
the valid region for #; is —2.0 < f; < —0.5, for #y 1S —2.0 < Ay < —0.5. We can confirm that the
solution series (36) and (37) are convergent by selecting values for 7, and 7, in this range.

6

—— 10th order approx.
4 B —— 15th order approx. ]
i 20th order approx. ]
2 * —— 25th order approx.
—— 30th order approx.

:07 . \—

-2 -1 0
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Figure 2: #,—curve for v” (0).
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2r —— 25th order approx.

g 0: /ﬁ —— 30th order approx. ﬁ‘“

4+ u

-3.0 -25 -2.0 -15 -1.0 -05 0.0 0.5
he

Figure 3: n,—curve for ¢’ (0).
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Entropy generation

The entropy production in flow field is continuous because of irreversible nature of heat
transfer and viscosity effects at the solid boundaries and within the fluid. The dimensional
entropy generation within the fluid system is given as;

k (dT\° @ | [(dua\? 285 (du\> e 285 (du\>
s=12(2) 10 |() {1U<dy> o 2 () %)
here the first and second terms are contributions due to heat transport and fluid friction, re-

spectively.
The non-dimensional entropy production NS is given as;

_(doN® du\ > L du\* ) L (du\’
vs= () rreln(G) + e (G) x {“”ﬂ (i) H (39)

= NS+ NS,
— Sgen _ . . . . — T
where NS T (TP the non-dimensional entropy generation rate; Q@ = =L, the

. 2 .
temperature difference parameter; N S; = (%) , the entropy production number due to heat

2 4 2
transport and NS, = I'( [M(ZZ) + +2p* (j—;) + Ku? {M +2B* (j—;;) H , the entropy generation

number due to fluid friction. Also the Bejan number (Be) (an irreversibility parameter), de-
fined as;

NS < pe<t (40)

Be=— "L __
€T NS, +NS, =

Results and discussion

The entropy production in steady flow together with heat transport of third-grade fluid
via a porous medium in a horizontal channel is explored. The boundary value problem, non-
linear in nature, is solved analytically employing HAM on MATHEMATICA. Profiles of
velocity distribution, temperature distribution, entropy production, and Bejan number are
sketched for values of various arising parameters taken in ascending order.

Figures 4-8 depict variations in velocity distribution for numerous values of relevant
physical parameters. We noticed in Figure 4 that pace of the flow decreases with upsurging
value of third grade parameter (3*). The reason behind it may be shear thickening nature of
the fluid. The impact of slip parameter () for flow is exhibited in Figure 5. Influence of
v is observed to upsurge the flow in the entire channel, significantly. With an increase in
slip parameter () value pace of the flow close to the wall upsurges which results in increase
of velocity field and thus velocity profile improves. Figure 6 exhibits variation in velocity
distribution with porous medium parameter (k). It is observed that fluid flow lessens with
increasing value of parameter K. From momentum equation, the Darcy resistance varies
inversely as permeability of the porous medium. A smaller permeability causes larger resis-
tance consequently, pace of the flow reduces in the channel. Further, it is seen that upsurge
in value of Vogel’s viscosity parameter (A) lessens the velocity field, while reverse impact is
observed by upsurge in value of Vogel’s viscosity parameter (B) as Figures 7 and 8 depict.
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Figure 8: Velocity profile for B.

Figures 9-11 show temperature distribution ¢ (n) for assorted values of pertinent param-
eters. The influence of temperature jump parameter (3) is noticed to rise the temperature
distribution (Figure 9). Physically, upsurge in temperature jump parameter (3) value implies
increase in fluid temperature nearer to the walls (walls are kept at constant temperatures) and
as a result, fluid temperature enhances. The Impact of internal heat source parameter (S) is
depicted by Figure 10. It is seen in the graph that temperature field enhances with rise in
value of S. The reason behind is that because temperature is a measure of heat, rise in heat
source parameter (S) value enhances heat energy which causes increase in fluid temperature.
Increasing value of Brinkman number (') increases the fluid temperature because I' is a pa-
rameter for frictional heating and more frictional heating causes increase in fluid temperature
distribution (Figure 11).
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Figures 12—17 depict variation in total entropy generation number (N S) for several val-
ues of arising physical parameters. The figures reveal that total entropy production number
(NS) is maximum at the lower channel wall. NS decreases by increasing value of temperature
slip parameter (3) in the entire channel width (Figure 12). Physically, with rising value of 3
fluid temperature enhances which causes reduction in NS. Impact of Brinkman number (T")
is observed to enhance NS. It happens due to an increase in fluid friction with rising value
of I'. The effect is apparent near the walls, the reason behind is occurrence of higher veloc-
ity and temperature gradients in the region close to the walls whereas, in middle part of the
channel no significant change is observed (Figure 13). Further, we noticed in Figure 14 that
enhancement in value of Vogel’s viscosity parameter A causes reduction in NS while reverse
effect is noticed due to rise in value of B (Figure 15). Further, we have seen that the ascend-
ing value of velocity slip parameter (v) causes reduction in NS (Figure 16). Increasing value
of heat generation parameter (S) increase NS in lower portion of the channel and reduce it in
upper region (Figure 17).
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Figure 12: Entropy profile for 3.
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Figure 13: Entropy profile for I'.
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Figures 18-23 delineate variations in Bejan number (Be) for numerous values of perti-
nent parameters. These figures reveal that Bejan number attains a value close to its maximum
value (0 < Be < 1) in middle part of the channel. The reason behind is that as maximum ve-
locity occurs in central part of the channel that is velocity gradient vanish in middle part of
the channel which means that in central part of the channel entropy production due to fluid
friction (N S,) is negligible and hence Bejan number attains value close to its maximum value
in this part. It is observed that upsurge in g value reduces Be and effect is more apparent
in upper part, while Be decreases by an increase in parameter I' value. Influence of Vogel’s
parameter A is noticed to rise Be, whereas reverse effect due to Vogel’s parameter B is de-
picted. Influence of velocity slip parameter (v) is seen to suppress Be in lower region, while
it rises in upper part of the channel. Be also reduces with upsurging value of S in the region
nearer to upper wall, while in rest part it attains value nearly its maximum value (0 < Be < 1)
which shows negligible entropy production due to viscous dissipation in the channel except
the nearer region of the upper wall.
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Figure 18: Bejan number for 3.
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In Table 1 the values of velocity and temperature computed for particular values of pa-
rameters are compared with those obtained by Akinshilo [26] and found in excellent agree-
ment.

Table 1: Comparison of velocity u(n) and temperature ¢(n) values, for A =0.1, B=2.0,T =
1,3=0.01,Kk=0.01,P=-0.1,0,=1,p.=1,vy=0,3=0,5=0.

u(n) 6(n)
n  Akinshilo[26] Present study(HAM) AKkinshilo[26] Present study(HAM)

0.00 0 0 0 0

0.05 0.0062 0.00616250 0.0500 0.05004686
0.10 0.0117 0.01168653 0.1000 0.10008049
0.15 0.0166 0.01657034 0.1500 0.15010365
0.20 0.0208 0.02081219 0.2000 0.20011876
0.25 0.0244 0.02441036 0.2501 0.25012792
0.30 0.0274 0.02736313 0.3001 0.30013294
0.35 0.0297 0.02966880 0.3501 0.35013527
0.40 0.0313 0.03132566 0.4001 0.40013607
0.45 0.0323 0.03233203 0.4501 0.45013616
0.50 0.0327 0.03268623 0.5001 0.50013605
0.55 0.0324 0.03238661 0.5501 0.55013591
0.60 0.0314 0.03143151 0.6001 0.60013560
0.65 0.0298 0.02981929 0.6501 0.65013463
0.70 0.0275 0.02754833 0.7001 0.70013220
0.75 0.0246 0.02461702 0.7501 0.75012717
0.80 0.0210 0.02102376 0.8000 0.80011807
0.85 0.0168 0.01676699 0.8500 0.85010311
0.90 0.0118 0.01184513 0.9000 0.90008015
0.95 0.0063 0.00625664 0.9500 0.95004671
1.00 0 0 1 1

In Table 2 values of skin friction coefficient at lower wall, (Cy), _, and Nusselt number,
(Nu) are presented for various values of the parameters. We noticed, (Cy),_, lessens with
increasing values of the parameters (B) and (K) while, the effect of parameters (4) and (v) is
found to upsurge it. The force exerted by moving fluid on the wall increases with enhance-
ment in value of  and as a result (Cy), _, upsurges. Further, observed that increase in values
of parameters (S) and (I') cause upsurge in Nusselt number (Nu) in the absolute sense how-
ever, the temperature slip parameter () reduces it. The negative sign in Nu values shows that
heat transfer takes place from fluid towards the wall.
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Table 2: Skin-friction coefficient and Nusselt number values, when P =-0.01, 5* = 0.01.

A B K ~ B T S (Cp_ Nu

0.2 2.0 001 0.01 001 1.0 1.0 0.005039 -1.169398
0 0.004995 -1.169408
0.2 0.005039 -1.169398
0.4 0.005086 —1.169389
2.0 0.005039 —-1.169398
3.0 0.005014 —-1.169400
4.0 0.005006 —1.169402
0.0 0.005044 -1.169399
0.5 0.004831 -1.169391
1.0 0.004639 —-1.169385

0.0 0.005038

0.1 0.005049

0.3 0.005061
0.0 —1.188406
0.05 —1.099838
0.1 —1.025073
1 —1.169398
2 —1.169410
5 —1.169443
0.5 —1.069096
1.0 —1.169398
2.0 —1.414729

Conclusions

In this research, analytical investigation of entropy generation in non-Newtonian third-
grade flow along with heat transport has been carried out. The flow is assumed to take place
in a parallel-plate channel via porous medium. Impacts of numerous occurring physical pa-
rameters on velocity distribution, temperature, entropy production along with Bejan number
are exhibited by plots and discussed. The outcomes of the study are outlined as follow: (1)
Velocity slip parameter () substantially enhances the fluid flow while non-Newtonian pa-
rameter (5*) and porous medium parameter (K) reduce it; (2) Influence of heat generation
parameter (S) and Brinkman number (I') is noticed to increase the temperature distribution.
Temperature distribution also increases with rising temperature slip (3); (3) Maximum en-
tropy production noticed near the lower wall; (4) NS lessens with upsurge in values of v and
B; (5) Influence of S is noticed to enhance entropy generation in lower channel part while
reverse trend is observed in upper channel part; (6) Bejan number attains maximum value
(0 < Be < 1) in middle of the channel and decreases with rising value of 3, I and S; (7) Effect
of v is noticed to upsurge (Cy), _,; (8) Effect of 5 is seen to reduce Nu in the absolute sense;
(9) The parameters (A, B) exhibit opposite impacts on velocity, entropy generation and Bejan
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number.
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