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This motivating analysis aims to present the thermal mechanism for mixed convection
flow of Reiner—Philippoff nanofluid with assessment of entropy generation. The ther-
mal performances of nanomaterials have been modified by utilizing the nonuniform heat
source/sink, Ohmic dissipations and thermal radiation consequences. The assumed sur-
face is assumed to be porous with non-Darcian porous medium. The modified Cattaneo—
Christov relations are followed to modify the mass and heat equations. The invoking
of similarity variables results in differential equations in nonlinear and coupled form.
A MATALB-based shooting algorithm is employed to access the numerical simulations.
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1 The physical aspect of thermal model is graphically addressed for endorsed flow param-
2 eters. The importance of entropy generation is visualized with associated mathematical
3 relations and physical explanations. The numerical values are obtained for the assess-
4 ment of heat and mass transfer phenomenon.

5 Keywords: Reiner—Philippoff nanofluid; entropy generation; nonuniform heat
6 source/sink; Cattaneo—Christov law; numerical scheme.

IAQ: Please provide PACS numbers. I

7 1. Introduction

s Nanofluids are made up of mixture of base fluids like water, ethylene glycol, engine
o 0il, etc. and nanoparticles to enhance the thermal properties of these base flu-
10 ids. Actually, base fluids are usually with less thermal conductivity such as water
u  has thermal conductivity of only 0.613 W/mk where the thermal conductivity of
12 nanoparticle Ag (silver) is 429 W/mk. So, when we mix these two thermal con-
13 ductivities, the fluid enhances drastically which is the main purpose of nanofluid.
1 Nanoparticles are of size (1-100 nm) diameter and nanoparticles in base fluids are
15 used in minimum possible concentrations. As a rough estimate, by adding nanopar-
16 ticles into base fluids base fluid thermal, conductivity enhances in the range of
17 15-40%. Nanofluids have several useful applications such as cancer therapy, nuclear
s reactor cooling, transformer cooling and vehicle computers. Choi! was the one who
19 worked on enhancement of thermal conductivity for base fluid by adding nanopar-
2 ticles. Elbashbeshy et al.? used the nanofluids during the process of cooling in the
2 heat treatment of metals. Bachok et al.? elucidated the effect of stagnation point
» nanofluid flow due to shrinking/stretching sheet. MHD flow of nanofluid in pres-
» ence of viscous dissipation and chemical reaction is studied by Kameswaran et al.*
2« Laminar flow of nanofluid is incorporated by Narayana et al.® In this study, it is
»s  showed that as the nanoparticles volume fraction increases, axial and free stream
% velocity decays. Basic concept about thermophysical properties of nanofluid such as
27 viscosity, thermal diffusivity and thermal conductivity is provided by Kang et al.’
» and Rudyak et al.” Exact solution of nanofluid flow with suction /injection is devel-
» oped by Elbashbeshy et al.® Jafar et al.” worked on effects of Joule heating, MHD
% and viscous dissipation over a stretching/shrinking sheet. Flow of viscous fluid by
a1 deformation of a surface is studied by Pavlov.!©

32 Heat transfer between the two objects is essential when there is difference in
13 their temperatures. Fourier gave the concept of heat transfer but there are some
s defects in his model, so several researchers modified his law. Main flaw in his model
s is that heat transfer is very spontaneous. For example, if we gave heat to the end
s of the rod, it will be felt at the other end of the rod at the same time which is not
w possible because heat takes time to transfer. So, keeping in mind this limitation,
% Cattaneo!'! added the relaxation time in Fourier’s law. Relaxation time is a time
3 taken by a medium to transfer the heat to its neighboring particles. After this,
w0 Christov!? also expressed Cattaneo’s formula with the help of Oldroyd’s upper-
a convective differentiation. This model is now known as Cattaneo—Christov (C-C)
2 heat flux model. Straughan'® used this model for viscous fluid flow. Maxwell fluid
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Optimized frame work for Reiner—Philippoff Nanofluid

motion with non-Fourier heat flux model is examined by Han et al.'* 3D flow of
mass diffusivity and heat conduction is elucidated by Hayat et al.'® Some various
studies about non-Fourier heat flux model can be seen through Refs. 16-22.

There are several models of non-Newtonian fluids which are proposed for dif-
ferent hydrodynamic and hydromagnetic behaviors. One of the most important
non-Newtonian fluid models is named as “Reiner—Philippoff fluid”. There is a very
less literature in this work of field. 2D flow of R-P fluid is examined by Kapur
and Gupta.?® Reiner-Philippoff fluid flow over a circular tube is elucidated by
Ghoshal.?* Na?® and Yam et al.?6 explained the boundary layer flow of R-P fluids
over a wedge. References 27-35 are highlighted the recent development in the field
of stretched flow versus various flow geometries.

Main purpose of this paper is to examine the motion of R-P fluid with Darcy
Forchheimer fluid. Irreversibility factor is analyzed in presence of thermal radiation,
Porous medium, heat and mass transfer. Non-Fourier heat and mass fluxes are used
to analyze the heat and mass transfer. For this purpose, Cattaneo—Christov double
diffusion model is used. Velocity slip effect is incorporated in boundary condition
for momentum equation. Thermal dependent heat source sink and activation energy
effect is analyzed in heat and mass transfer effect. A MATLAB-based shooting algo-
rithm is utilized to find the convergent solutions. Trends of velocity, temperature,
entropy generation, Bejan number, concentration profile, skin friction, Sherwood
number and Nusselt number are shown through graphs.

2. Mathematical Formulation

Consider a steady two-dimensional (2D) bioconvection flow of viscous incompress-
ible R-P nanofluid upon a nonlinearly stretching sheet. The sheet is embedded
in a saturated non-Darcian porous medium with viscous and Ohmic dissipations.
The cartesian coordinate is selected so that z-axis is chosen along with the sheet,
whereas y-axis is normal to it. The Cattaneo—Christov heat flux model is used to
study heat and mass transfer characteristics. The features of nanofluid are analyzed
and validated for Thermophoresis and Brownian motion through the Buongiorno
mathematical model. The effects of temperature-dependent heat source/sink and
activation energy are incorporated in heat and concentration equations. The fluid
is maintained at the surface through the temperature 7y and concentration C'.
The fluid which is flowing away from the boundary layer is prescribed at a uniform
temperature T, and concentration Co with Ty > T and Cy > Cw.

The relationship between shear-stress 7 and shear-strain g—Z for the R-P fluid

model is delineated as follows:
ou T
=, (1)

W et T

where 75 is the reference shear-stress. The quantities like ug and ., respectively,
denote the corresponding zero-shear and upper Newtonian limiting viscosities. The
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R-P fluid model predicts the Newtonian behavior for small and large shear stresses,

whereas, for intermediate values of shear stresses, it shows the non-Newtonian

behavior.
Thus, in the light of the above-stated assumptions, the governing equations can
be written as follows?3:25:26.
ou Ov
oy 27— 2
or "oy T (2)
Jouw, ov_10r v F o
dr  dy prdy prK*  K*
1 * % *
+E[pfooﬂ g (1_000)(T_T00)_(pp_pfoo)g (C_Coo)}a (3)
or  or 0T 1 d¢ oy <8u>2
Up— + Vo~ =0y — — + —
dx Oy 9y*  (pep)r 9y (pcp)y \ Oy
T u@T 6U6T @OE @E)LT_’_ 0T
T Yoyoy oz oy " Toyox " owoy
2T 0T oT 0C Dy (0T \? q"
2Y - | pDpt 22 l vL 4 4
e Y 32}”[ 7oy oy ay) | (en)s @
oC ocC 0°C  Dro*T -FE,
u%—kva—y—DBa T 5% kr(C'—C’oo)exp(KT)
pfuuoc  esc | ovec | owec o
" or 0z Jy Oy ox Oy 3y ox 8x3y
,0°C  ,0%°C
+u O a2 +v 83/2] (5)

where w,v are the velocity components along x,y. The quantities like
s vf, Fy K™, pp, B* and g* denote the nanofluid density, kinematic viscosity, drag
coefficient, the permeability of the porous medium, nanoparticles density, ther-
mal expansion coefficient and gravitational acceleration, T is the temperature,
o}, (pcp)s, oy are the thermal diffusivity, heat capacity at constant pressure,
dynamic viscosity, I'r, 7%, Dg, Dr represent the relaxation time of heat flux, heat
capacity ratio, Brownian diffusion coefficient, thermophoresis coefficient, C' is the
nanoparticles concentration, k., F,, k and I'¢ signify the chemical reaction constant
rate, activation energy, Boltzmann constant and relaxation time of mass flux.

The linearized form of radiative heat flux ¢ in terms of Rosseland approximation
is given by
—40* OT* 6
ECTR (©)
Here, ¢* and k* refer to the Stefan—Boltzmann constant and mean absorption
coefficient, respectively.

q:
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! The temperature-dependent nonuniform heat source/sink ¢ is defined as
> follows:

R [ )

TUf
+ where A* and B* are the heat generation and absorption parameters.
5 The appropriate boundary conditions are
6 u:Uw(m):ax1/3, v=0, T=T;,, C=C aty=0, (8)
7 u—0, T—=T,, C—Cyxaty=oo, (9)

s 2.1. Similarity transformation
o The similarity transformation for the present problem is chosen as

77:\/%%’ v = avg (), T =Jadvrg(n),

" (10)
T—Ts C—Ch

0(n) = —— =_ 7>
(n) o1 ¥ n) Cr— O
1 Upon inserting (10) into (1-5), we get the following dimensionless system of
12 equations:
2 2
g+
13 g = f”W’ (11)
/ 1 2 2 " / 2
. J = 3= I K f = Fof? + a0 = Nry), (12)
2 ’ /
15 (1+Rd)d" + gPrfe’ +PrEcf 2 +PrN,oy +PrN,o?
16 — PrAp(ff'0 + f20")+ A*e™" 4+ B*0 = 0, (13)
i / Ny " I 2 n
7 P+ LePrfo' + 20" = A (ff'¢" + [7¢")
b
18 — PrLeoy(1 4 060)" ex —E ) 0 (14)
7 P\1+00 '
19 The transformed boundary conditions are
20 f(77) =0, f/(n) =1, 9(”) =1, 90(77) =1, at n= 0, (15)
2 f/(n) — 0, 9(77) — 0, L)0(77) — 0, at n — Q. (16)
2 The parameters which help the fluid to govern are listed as follows:
2/3
Lo Ty VpT F
)‘ = T = T = K, = B F?" = )
; Moo 7 Vaduvg P k*a VEK*
" Q= ﬁ*g*(l—Cf)(Tf—Too) )\ o FTCL
= an 5 T — £C2/3 ’
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— — r E
. Nr — (pp pfOO)(Cf Coo) R §a7 E, = a 7
psB(l = Coc)(Ty — To) a®/? Koo
kzxz/g Tf - T, Uf
= §=1_ 7% le=_-L
2 g a s TOO s [S] DB,
*Dp(Ty — T *D —Cx
3 N, = TP =To) -y T De(C = C) o v
ViToo vy o
) _ 160*T]§ _ (axl/S)Q
3kf/€* ’ (Tf —Too)7
5 (17)

s where A is the R-P fluid parameter, -y is the Bingham number, K, is the Permeabil-
7 ity parameter of the porous medium, F,. is the Forchheimer number, « is the Mixed
s convection parameter, Nr is the Buoyancy ratio parameter, Ar is the Thermal relax-
o ation parameter of heat flux, A\¢ is the Concentration relaxation parameter of mass
w flux, E; is the Activation parameter, o is the Chemical reaction parameter, ¢ is
n the temperature difference parameter, Le is the Lewis number, N; and N, are the
12 thermophoresis and brownian motion parameters, Pr is the Prandtl number, Rd is
13 the radiation parameter and Ec is the Eckert parameter.

u  2.2. Nusselt number and Sherwood number

15 The following relation defines the local Nusselt number:
TQy oT  160* 0T

Nup = — 2% g =ky— — —0 2 18
* b (T —Too) T oy T Bk Oy (18)
17 The non-dimensional form will lead to
Nu,
L = —(1+Rd)#'(0). 19
1 The ( )0°(0) (19)
19 Similarly, the non-dimensional form of the local Sherwood number is as follows:
Sh, ,
— = —¢'(0). 20
20 N T (0) (20)
a1 3. Entropy Generation and Bejan Number
2 The mathematical form of Entropy generation can be expressed as
kg 166*T3\ (0T\® pr (Ou\® 1y
Seg=— 14+ ——=) | — = | — 2
“ ¢ Tgo< M e )(ay) T1o\oy) TR
RDp (9T (9C\ = RDp (9C\*
2 + B (=) (= )+ =2 (=), (21)
s The dimensionless form can be obtained upon utilizing (11) into (21) as follows:
" No = 0(1+ RA)? + Brf" + Brk, £ 2 + L' + L5242, (22)

2150083-6
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1 where
2/3 1/3\2
Ne = Salsvix . Br= wp(ax’?) 7
(Tf - Too)akf kaT
2 (23)
RDj(Cy — Cno) (Cf — C)
L = e—_— -~ J @ 7
Coo ) Q2 Coo ’

s where Ng,Br, L and as imply the total entropy generation parameter, Brinkman
+ number, Diffusion parameter and concentration difference parameter.
5 The Bejan number Be is expressed as the ratio of entropy generation because
s of heat and mass transferred to that of total entropy generation, i.e.,

S(L+RA)2+LO' + L%y
5(1+Rd)82 + Brf” + BrK,f 2 + LO'¢/ + L22¢'?

7 Be = (24)

s 4. Shooting Method

o The shooting method is employed to deal with the nonlinear system of Eqs. (11)—
1 (14) with boundary conditions (15)—(16) because of its low computational cost and
u  higher accuracy. In the shooting method, the boundary value problem (BVP) is
1 required to transform into the initial value problem (IVP) through the following
13 assumptions:

14 f:ylv f/:yZa g9 =13, 9:y4a 9/23/5» ¥ = Ye, @I:y% (25)
15 Inserting (25) into the BVP (11)—(14), the following IVP can be obtained:
yll = Y2,
yh = yS(y§ +’72)
S R YC
1 ys(y5 +7%)
/o 2 3 2
Y3 =3% 4 (M — Kpy2 — Fry5 + a(ys — Nrye),
y:L =Ys,
16 9 9 5 (26)
3 Pry1ys + PrEcy; + Pr Nyysyr + Pr Nyys
;. —Ar(nyeys) + AeT+ BTy,
Y5 = 1+Rd— A2 ’
yé =Y,

LePry1yr + {tys — Ao (y1yayr) — PrLeoys (1 + 0ys)" exp (11%4)

Yr = — 1_>\Cy% )

17 The boundary conditions become
yin) =0, w(n)=1, ys(n)=ar, wa(n) =1, ys(n) = ax,

1 (27)
y6(77) = 17 97(77) = as, at n= Ov

19 y2(n) = 0, wa(n) =0, wye(n) =0, atn— oo, (28)

2150083-7
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where a1, a2 and az be the missing initial conditions. First, the value of 7., can be
chosen arbitrarily. Second, the initial guesses are adjusted as a1 = as = az = 1.
Third, the RK-Method of order fourth-fifth is used to solve the ODEs. Fourth,
Newton’s method is used to specify the accuracy of the calculated values of missing
initial.

5. Physical Analysis of Results

The effects of the several types of governing parameters upon the non-dimensional
distributions of the velocity f'(n), temperature 6(n), concentration ¢(n), entropy
generation Ng and Bejan number Be are analyzed graphically.

5.1. Velocity profiles

Figures 1-3 are depicted to examine the upshots of the R-P fluid parameter, Bing-
ham number 7, permeability parameter of the porous medium K,, Forchheimer
number F)., buoyancy ratio parameter Nr and mixed convection parameter o upon
the non-dimensional distribution of the velocity f’(n).

The effects of the parameters A and v upon f’(n) are captured in Fig. 1. It is
observed that f(n) is observed using two different trends along 7 for rising values of
the parameters A and 7. The velocity profile f/(n) increases as R-P fluid parameter
A increases. The parameter A describes the ratio of zero rate shear viscosity to that
of upper Newtonian limiting viscosity. Therefore, rise in the parameter A\ leads to
a decrease in the viscosity, which helps the fluid move more freely. The parameter
~ shows the ratio of reference shear-stress to the viscous stress. Therefore, the rise
in the parameter ~ implies the increase in the shear rate, and as a result, the
apparent viscosity increases, which decrease the fluid velocity. Also, the boundary
layer thickness is thicker for.

The impacts of the parameters F, and K, upon f’(n) are exhibited in Fig. 2. The
profile f’(n) is decreasing for higher estimations of both the parameters (F., Kp,).

R\
0.8 %
TR i=0.3, 0.6, 0.9, 1.2
W
o6l TRy T y=0.2,0.4,0.8, 1.2
= W
£ W
= W
AT W
W
W
02 RN
TN
N
"\h\"““n-...___
0= L . I L L T
0 0.5 1 1.5 2 25 3 35 4 4.5 5

Fig. 1. (Color online) Effects of v and A upon f’(n).
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F =05, 1.0,15,2.0

------------ K =0.4,0.8, 1.4, 2.0
r

Fig. 2. (Color online) Effects of F;. and K, upon f’(n).

1 Forchheimer number F;. is in direct relationship with the porosity of medium and
> drag coefficient. Therefore, the rise in the parameter F, causes the enhancement
3 in the porosity of medium and drag coefficient, and as a result, the resistive force
+ enhances because of which the fluid velocity decreases. Further, the increase in the
s Permeability parameter of the porous medium K, regime becomes more porous
s because of which resistance towards the fluid motion is increased, and as a result,
7 fluid velocity decreases.

8 The impressions of the parameters o and Nr upon f’(n) are presented in Fig. 3.
o It is noticed that the velocity profile f’(n) is enhanced for the mixed convection
0 parameter «, whereas it reduces for Buoyancy ratio parameter Nr. The mixed con-
u  vection parameter is the ratio of buoyancy to inertial forces. It is noted that « =0
1 and « # 0 correspond to the absence and presence of the mixed convection param-
13 eter, respectively. It is further noted that a > 0 implies the heat convection from
1 the surface of the sheet towards the flow, i.e., cooling of the sheet surface or heating
15 the fluid. Thus, rise in the mixed convection parameter causes « the enhancement
1 of the buoyancy forces because of which fluid velocity enhances. Also, with the

a=0206 12 20

Nr=0.1, 0.5, 1.0, 2.0 1

St

Fig. 3. (Color online) Effects of a and Nr upon f’(n).

2150083-9
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1 enhancement of the Buoyancy ratio parameter Nr, the negate buoyancy is increased,
> which affects the fluid motion and as a result, fluid velocity decays.

s 5.2. Temperature profile

4+ The effects of the parameters like Eckert number Ec, radiation parameter Rd,
5 thermophoresis parameter Ny, Brownian motion parameter IV, thermal relaxation
s parameter of heat flux Ay, Prandtl number Pr and heat source/sink parame-
7 ters A*, B*.

8 Figure 4 shows the effects of the parameters Ec and Rd upon 6(7). The dimen-
o sionless distribution of the temperature 6(n) is witnessed escalating along 7 for
w rising values of the Eckert number Ec and radiation parameter Rd. The Eckert
u  number demonstrates the impact of the viscous dissipation. The higher estima-
12 tions of the Eckert number Ec cause the conversion of the kinetic energy into heat
13 energy, which improves the thermal conductivity of the fluid, and as a result, fluid
14 temperature escalates. Also, augmentation in the radiation parameter Rd leads to
15 the diminution in the mean absorption coefficient because of which more heat is
16 delivered in the fluid direction due to which fluid temperature enhances.

17 Figure 5 demonstrates the upshots of the parameters N; and N, upon 6(n) along
18 7. The non-dimensional distribution of the temperature (1) augments for higher
19 estimations of the thermophoresis and Brownian motion parameters (NV;, Np). The
2 arbitrary motion of the fluid particles escalates with a stronger Brownian motion
a1 effect under the action of a strong thermophoretic force produced by the stronger
2 thermophoresis factor. The boundary layer thickness increases as both the parame-
23 ter increase and this increase is more noticeable for the thermophoresis parameter.
2 The effects of the parameters Ar and Pr upon 6(n) along n are provided in Fig. 6.
25 It is noticed that the dimensionless distribution of the temperature 6(n) decays for
s larger values of the thermal relaxation parameter of heat flux Ay, Prandtl number
2z Pr. The Cattaneo—Christov heat flux model transformed into classical Fourier’s
s law when Ar = 0 and heat energy is instantaneously transferred into R-P fluid.

Ec=04,08,14,2.0

——————— Rd=0.5, 1.0, 1.5, 2.0

Fig. 4. (Color online) Effects of Ec and Rd upon 0(n).

2150083-10
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N, =0.2,04,0.6,08

N,=0.1,0.3,0.5, 0.7

Fig. 5. (Color online) Effects of N and N, upon 6n.

i, =0.1,0.5 1.0,2.0

------------ Pr=6.0, 7.0, 8.0, 10.0

Fig. 6. (Color online) Effects of A and Pr upon 0.

1 Whereas for nonzero Ay the Cattaneo—Christov model effectively controls the fluid
> temperature. Also, the temperature 6(n) decreases as the Prandtl number increases
s Pr. Because the Prandtl number Pr is associated with thermal and momentum
+ diffusivities, and rise in the Prandtl number causes the dominance of momentum
s diffusivity over thermal diffusivity because of which temperature decreases within
s the boundary layer.

7 Figure 7 encapsulates the impacts of A* and B* along 7 upon 6(n). The param-
s eters A* and B* are the space and temperature-dependent parameters of heat
o source/sink. The positivity of these parameters corresponds to the heat genera-
1 tion, and the negativity of these parameters implies heat absorption. A substantial
un amount of heat is generated during the process of internal heat source, and as a
1 result, temperature enhances, whereas a large amount of energy is absorbed dur-
13 ing the process of internal heat sink due to which temperature decays. With the
1 enhancement of both the parameters, the boundary layer thickness enhances and
15 this enhancement is more extensive for A*.

2150083-11
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A'=-2.0,1.0,0.0, 1.0, 2.0

SN B'=-2.0,1.0, 0.0, 1.0, 2.0

(y)

0.5

Fig. 7. (Color online) Effects of A* and B* upon 6n.

1 5.3. Concentration profile

> Figures 8-10 demonstrate the effects of the thermophoresis parameter V;, Brownian
s motion parameter Np, Lewis number Le, concentration relaxation parameter of
+ mass flux A, activation energy parameter F; and Prandtl number Pr upon the
s non-dimensional profile of the concentration of nanoparticles ¢(n).

6 The influences of the parameters N; and N, upon ¢(n) are portrayed in Fig. 8.
7 The concentration profile observes two opposite trends for Thermophoresis and
s Brownian motion parameters (IV;, N}). The concentration enhances for rising values
o of the Thermophoresis parameter N;. The number of nanoparticles increases as the
10 Thermophoresis parameter N; increases due to which they move from hot to the
n cold surface and as a result concentration of nanoparticles enhances. In the case
12 of Brownian motion, an unsystematic movement between the nanoparticles occurs.
13 Therefore, the rise in the Brownian motion parameter causes the increment in this
1 unsystematic movement because of which the nanoparticles concentration enhances.
15 Figure 9 is drawn to elucidate the effects of the parameters A\¢ and Le along 7
16 upon ¢(n). It witnesses from the figure that the concentration profile is decaying for

N,=0.2,04,06,08

e N,=0.1,03,0507

»(n)

0.4

0.2

Fig. 8. (Color online) Effects of Ny and N}, upon ¢(n).

2150083-12



January 22, 2021

10

11

12

13

14

15

9:22 1JMPB

1st Reading

Optimized frame work for Reiner—Philippoff Nanofluid

8w — Le=0.5 10,1520
W)
06 \3‘}\‘\\“ ———————— /'.C:ﬂ.l, 0.5, 1.0, 2.0
3 W
S
0.4 1
0.2} 1
ok
0 15 3 35 4 45
"
Fig. 9. (Color online) Effects of Le and A¢ upon ¢(n).

o E=10,20,30,50 |
wm
06 B S Pr=6.0, 7.0, 8.0, 10.0

2
S

0.4 1

02t 1

ok
0 05 1 15 2 25 3 35 4 45 5
'J'
Fig. 10. (Color online) Effects of E1 and Pr upon ¢(n).

higher estimations of the Lewis number Le and concentration relaxation parameter
of mass flux A¢. The Lewis number Le and Brownian diffusion coefficient Dg are
inversely proportional to each other. Therefore, enhancement in the Lewis number
Le implies the weaker D because of which particles diffuse deeply in the fluid, and
as a result, nanoparticles concentration reduces. Further, the rise in the parameter
A¢ means that the nanoparticles need more time to diffuse, which causes a decrease
in the concentration profile ¢(n).

The effects of the parameters F; and Pr upon ¢(n) along n are explained in
Fig. 10. The profile of nanoparticles concentration predicts two diverse trends for
growing values of both the parameters (E7,Pr). The profile p(n) increases as the
Arrhenius activation parameter F; increases. Because of the higher estimation of
Fy a gradual decrease in the chemical reaction rate is noticed, and as a result, the
concentration enhances. It is also seen that the concentration profile p(n) decays
as Prandtl number enhances. The increase in the Prandtl number implies the
weaker Dp which may enhance the temperature, but it reduces the nanoparticles
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concentration. Also, the thickness of the concentration boundary layer is thicker for
the parameters E; whereas it is thinner for the parameter Pr.

6. Entropy Generation and Bejan Number Analysis

The effects of the temperature difference parameter J, concentration difference
parameter as, radiation parameter Rd, Brinkman number Br, diffusion parame-
ter L and the permeability parameter of the porous medium K, upon the non-
dimensional distributions of Entropy generation Ng and Bejan number Be are
depicted in Figs. 11-16. The impacts of the parameters é and as upon Ng and
Be are presented in Figs. 11 and 12. It is noticed that the non-dimensional profiles
of entropy generation Ng and Bejan number Be are increasing functions along 7
of the temperature difference parameter J, concentration difference parameter «s.
The increase in these parameters leads to the dominance of the heat and mass
transfer irreversibility over fluid friction irreversibility because of which both pro-
files increase. It is seen from both profiles that the increase due to the temperature

d=0.2, 0.4, 0.6, 1.0

——————————— a,=0.1,0.3,0.5, 1.0 1

Fig. 11. (Color online) Effects of 6 and ap upon Ng.

0.6 T T T T T

0.5
=0.2, 0.4, 0.6, 1.0

0.4
FE—— a,=0.1,0.3,0.5, 1.0

Fig. 12. (Color online) Effects of § and ap upon Be.
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Rd=105, 1.0, 1.5, 2.0 ]

———————ameee Br=02, 04,00, 1.0

Fig. 13.

(Color online) Effects of Rd and Br upon Ng.

0.35

0.3

0.25

0.2

Be

0.15

0.1

0.05

Rd=10.5, 1.0, 1.5, 2.0

SEN——— Br=0.2, 0.4, 0.6, 1.0

Fig. 14.

(Color online) Effects of Rd and Br upon Be.

L=40.5,1.0, 15, 2.0 1

------------ K,=0.4,0.8, 1.4, 2.0 1

Fig. 15.

(Color online) Effects of L and K, upon Ng.
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Fig. 16.

(Color online) Effects of L and K, upon Be.

25

Numerical values of local Nusselt number against flow parameters.
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vV Re

0.3
0.6
0.9
1.2
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0.2

0.4
0.8
1.2
0.2

0.5

1.0
1.5
2.0
0.5

6.2

7.0
8.0
9.0
6.2

0.4

0.8
1.4
2.0
0.4

0.1

0.3
0.5
0.7
0.1

0.2

0.4
0.6
0.8
0.2

0.1

0.5
1.0
2.0
0.1

0.1

—1.0
0.0
1.0
0.1

0.1

—1.0
0.0
0.5
1.0

0.5229
0.5335
0.5440
0.5545
0.5306
0.5409
0.5509
0.5630
0.6055
0.7034
0.4245
0.3076
0.1974
0.4980
0.4731
0.4233
0.4545
0.3907
0.3124
0.4431
0.3690
0.2374
0.4971
0.4635
0.3911
0.8572
0.5533
0.2489
0.8472
0.5536
0.3978
0.2352
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difference parameter ¢ is more extensive than from the concentration difference
parameter ao.

The influence of the parameters Rd and Br upon Ng and Be is provided in
Figs. 13 and 14. The profile of entropy generation N¢ increases as Radiation param-
eter Rd and Brinkman number Br increases. Whereas the profile of Bejan number Be
observes two different trends, i.e., rising for Radiation parameter Rd but decreasing
for Brinkman number Br. The rise in the radiation parameter leads to the enhance-
ment of the internal energy of the system. Therefore, in this process, the heat and
mass transfer irreversibility becomes dominant over fluid friction irreversibility, and
as a result, the entropy generation and Bejan number increases. Also, during the
enhancement of the Brinkman number Br, a large amount of heat is generated for
the fluid particles, due to which disorderedness of the system is increased. As a
result, the entropy generation rises, but it decreases the Bejan number Be.

Table 2. Numerical values of local Nusselt number against flow
parameters.

)\'yLePrNbNt)\ccr&E\S/}l;ie

03 02 05 62 01 02 01 05 04 1.0 3.1900
0.6 3.1856
0.9 3.1700
1.2 3.1615
0.3 04 3.1956
0.8 3.2005

1.2 3.2114

02 1.0 3.6446

1.5 4.0446

2.0 4.4025

05 7.0 3.3667

8.0 3.5754

9.0 3.7711

6.2 0.3 2.9705

0.5 2.8118

0.7 2.5958

0.1 04 3.4055

0.6 3.6290

0.8 4.0977

0.2 0.5 3.1607

1.0 3.1242

2.0 3.0516

0.1 1.0 3.3284

2.0 3.5862

3.0 3.8232

0.3 1.0 3.2287

1.5 3.2517

2.0 3.2695

04 20 3.1151

3.0 3.0784

4.0  3.0605

5.0 3.0519
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Table 3. Comparison table for Nusselt number with Ref. 36 when N, = Ny = Ec = Ap =
A* =B* =F, =a =N, =0 and K, = Ha.

Newtonian Newtonian fluid Dilatant Dilatant fluid Pseudo plastic Pseudo plastic fluid

fluid®®  (Present study) fluid®® (Present study) fluid36 (Present study)
Rd
0.5 0.830449 0.830449 0.619279 0.619279 0.888721 0.888721
1 0.776064 0.776064 0.579640 0.579640 0.832591 0.832591
1.5 0.735376 0.735376 0.551215 0.551215 0.790059 0.790059

Figures 15 and 16 deal to predict the effects of the parameters L and K, upon
N¢ and Be. The profile of entropy generation N¢ is an increasing function of the
Diffusion parameter L and the Permeability parameter of the porous medium K.
On the other hand, the profile of the Bejan number predicts two opposite trends,
i.e., escalating for L but decaying for K. The rise in the parameter K, leads to the
larger fluid viscosity that produces a resistive force between the fluid particles due
to which the disorderedness inside the system escalates, and as a result, entropy
generation escalates. It is further noticed that rise in the parameter K, causes
the domination of the fluid friction irreversibility over the heat and mass transfer

irreversibility because of which Bejan number decays Be.

7. Physical Quantities

The numerical values of the local Nusselt number and local Sherwood number
for different values of the parameters are calculated in Tables 1 and 2. The local
Nusselt number increase with R-P fluid parameter A\, Bingham number and thermal
relaxation time while a decreasing numerical trend is noted for exponential heat
source parameters. The local Sherwood number increases with chemical reaction
constant and Lewis number. Table 3 describes comparative result of Nusselt number
for different values of radiation parameter. It is seen that our results are very much

similar to the previous literature®® which ensure the validation of our problem.

8. Conclusions

The thermal features of R-P nanomaterial are evaluated in presence of entropy gen-
eration, nonuniform heat source, Ohmic dissipation and thermal radiation assess-
ment. The Cattaneo—Christov theories are accounted in the energy and concentra-
tion equations to modify the analysis. The non-Darcy porous relations are used to
depict the flow through porous space. The shooting technique is used to perform
the numerical computations for set of equations which modeled in nonlinear and

coupled forms. The summarized observations are as follows:

e R-P fluid parameter enhances the fluid velocity while a decreasing change in

velocity in noted with Bingham number and permeability of porous space.
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The progressive nanofluid temperature is noticed for space and temperature-
dependent parameters of heat source/sink parameters, Brownian motion and
Eckert number.

A declining change in nanofluid temperature is assessed with thermal relaxation
parameter of heat flux.

The activation energy and thermophoretic constants present an improve
nanofluid concentration while decaying results are deduced for concentration
relaxation parameter, Prandtl number and Lewis number.

An increasing variation in Entropy generation and Bejan number is noticed with
privilege change in temperature difference parameter, radiation parameter and
concentration difference parameter.

Bejan number declines with permeability parameter and Brinkman number.
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