@ magnetochemistry

Article

Magnetohydrodynamic Effects on Third-Grade Fluid Flow and
Heat Transfer with Darcy-Forchheimer Law over an Inclined
Exponentially Stretching Sheet Embedded in a Porous Medium

Amir Abbas 1'*, Mdi Begum Jeelani 2*

check for
updates

Citation: Abbas, A.; Jeelani, M.B.;
Alharthi, N.H.
Magnetohydrodynamic Effects on
Third-Grade Fluid Flow and Heat
Transfer with Darcy—-Forchheimer
Law over an Inclined Exponentially
Stretching Sheet Embedded in a
Porous Medium. Magnetochemistry
2022, 8, 61. https://doi.org/10.3390/
magnetochemistry8060061

Academic Editors: Evgeny Katz and

Anne-Lise Daltin

Received: 28 April 2022
Accepted: 31 May 2022
Published: 6 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Nadiyah Hussain Alharthi 2

Department of Mathematics and Statistics, Faculty of Science, Sargodha-Campus, The University of Lahore,
Sargodha 40100, Pakistan

Department of Mathematics and Statistics, College of Science, Imam Mohammad Ibn Saud Islamic University,
Riyadh 13314, Saudi Arabia; nhalharthi@imamu.edu.sa

Correspondence: amir.abbas@math.uol.edu.pk (A.A.); mbshaikh@imamu.edu.sa (M.B.J.)

Abstract: The major aim of the current investigations is to study the magnetohydrodynamic effects
on heat and mass transfer phenomena in third-grade fluid past an inclined exponentially stretching
sheet fixed in a porous medium with Darcy—Forchheimer law influence. The constitutive equations
compatible for heat and mass transportation in third-grade fluid in terms of partial differential
equations are modeled. These partial differential equations are then converted to ordinary differential
equations by using suitable similarity variables formulation. The transformed flow model is solved
by using MATLAB built-in numerical solver bvp4c. Effects of pertinent parameters on physical
properties that are velocity field, temperature field and mass concentration along with skin friction
coefficient, Nusselt number and Sherwood number are demonstrated in graphs and tables. The
impact of dimensionless numbers on the physical properties is analyzed and discussed with a
physical view point at angle a = 71/6 (inclined sheet). It is seen that as the third-grade fluid
parameter (0.1 < § < 11) is increased, the velocity profile increases, but the temperature field and
mass concentration are decreased. It is observed that as the permeability parameter (1 < K* < 11) is
raised, the velocity distribution decreases and mass concentration increases. It is concluded from the
results that owing to an increase in the local inertial coefficient (0.1 < Fr < 5), the velocity profile
reduces but an increment in mass concentration is noted. It is concluded that by increasing values
of magnetic field parameter (0.1 < M < 10) the velocity field is delineated and temperature field
is elevated exactly according to the physics of magnetic field parameters. The present results are
compared with already published results and it is observed that there is good agreement between
them. This good agreement ensures the validation of accuracy of the results.

Keywords: magnetohydrodynamic; third-grade fluid; inclined stretching sheet; porous medium;
heat transfer; Darcy—-Forchheimer law

1. Introduction

In recent decades the study of non-Newtonian fluid flow has attracted attention due to
its enormous significance in the field of engineering and industry. Non-Newtonian fluids
with heat and mass transfer are so much important in food processing, paper making,
and lubrication processes. Due to significant applications of non-Newtonian third-grade
fluid researchers paid a lot of attention to such fluid flows. The research contribution
concentrating on third-grade fluids is cited in the current paragraph. A slip flow effect on
third-grade fluid flow past a linearly stretching surface has been tackled numerically by
Sahoo and Do [1]. The Numerical evaluation of boundary layer flow of third-grade fluid
with partial slip effects has been performed by Sahoo [2]. Fosdick and Sahoo [3] investigated
the Hiemenz flow and heat transfer mechanism in the third-grade fluid. Pakdemirli [4]
analyzed the boundary layer flow of third-grade fluid and used the method of matched
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asymptotic expansion for numerical evaluation. Sahoo and Sharma [5] gave the analysis
of magnetohydrodynamics heat and mass transfer on continuous surface immersed in
a free stream of non-Newtonian fluid. Jawanmard et al. [6] have focused their attention
on the fully developed flow of non-Newtonian fluid in a pipe by considering applied
magnetic field and convective conditions, effects and solutions, which are determined by
employing the fourth-order RK- method. In [7-15] the focus on the studies of the behavior
of non-Newtonian fluid flows of grade three past diverse surfaces and flow features has
been given by the researchers.

The fluid flows in the porous medium have practical applications in engineering and
industry, asis the case in porous insulation, geothermal energy, modeling of resin transfer,
packed beds, oil reservoirs, disposal of nuclear waste, and fossil fuels beds. Much of the
work on the porous medium using Darcy’s relation is outlined in the existing literature.
This law has validity for smaller porosity and lower velocity. This law has a strong impact
in engineering and industrial systems. Forchheimer’s law describes high speed flow and
inertial effects. One of the significant features of Forchheimer’s law is that monotonicity
of the nonlinear term and the non-degenerate of the Darcy’s part are combined by this
law. Forchheimer [16] included square velocity in terms of Darcy’s velocity to examine the
characteristics of inertia and boundary. Forchheimer’s name was given to the above said
term by Muskat and Wyckoff [17], and is valid for high Reynolds number problems. In [18],
the effect of thermophoresis on dissipating mixed convective flow under the influence of
Darcy-Forchheimer relation in the porous medium was studied. Pan and Rui [19] solved
the Darcy—Forchheirmer model by using the mixed element method. The theoretical study
of Williamson nanofluid via Darcy-Forchheimer law was performed by Razman et al. [20],
who took the effects of generalized Fourier and Ficks laws, magnetic field, and chemical
reaction in the stratified medium. The influence of generalized heat transfer laws and the
Darcy-Forchheimer law in the non-Newtonian fluids were studied in [21].Grillo et al. [22]
discussed the Darcy—Forchheimer law for biological tissues saturated in biphasic medium.
Knaber and Roberts [23] proposed a discrete fracture model coupled with Darcy Law
in a matrix along with Darcy—Forchheimer relation in fracture. Khan et al. [24] studied
Carreau—Yasuda nano-fluid flow under the influence of magnetohydrodynamic and Darcy-
Forchheimer relation. In Ref. [25] mechanism of magnetohydrodynamic in Jeffery nanofluid
flow due to curved stretching surface with the effect of Darcy—Forchheimer relation in the
presence of thermal radiation and chemical reaction effects was studied.

In the above paragraphs, studies highlighted dealt specifically with the third-grade
fluid flow in a porous medium on the diverse flow surfaces. In the current paragraph,
flow processes occurred due to stretching surfaces being demonstrated. An enormous
amount of work on stretching surfaces has been conducted by researchers due to significant
applications in plastic film drawing, glass fiber, and chemical engineering etc. A magneto-
hydrodyanmic chemically reacting fluid flow due to inclined stretching surface implanted
in a porous medium has been discussed by Kumar et al. [26]. They accomplished Joule
heating, slip flow, and Soret-Dufour influences in their study. Studies concerning flow
phenomena past exponentially stretching surfaces are given in [27-31].

In the existing literature, the researchers paid attention to non-Newtonian third-
grade fluid flow on various surfaces with assorted fluid characteristics due to physical
applications in food processing, paper making, and lubrication processes. However, this is
the first time the study of the effects of magnetohydrodynamic and Darcy-Forchheimer law
on the transportation process via third-grade fluid past inclined exponentially stretching
surface implanted in porous medium has been proposed. The proposed mechanism will
be molded in the forthcoming section in partial differential equations and then will be
transformed to ordinary differential equations with the help of suitable similarity variables.
The obtained set of equations will be solved by bvp4c, a MATLAB built-in function. The
whole procedure is presented in the next sections.
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2. Formulation of the Problem
By following [2], Cauchy stress for third grade fluid is given as below;

T = —pl+ A1 + a4z + 0243 + B1As + Bo(A1d; + AzAr) + B3 (1A Ar. (1)
Here, material moduli are «; and f;. Due to incompressibility constraint spherical

stress is —pI in Equation (1), and u is dynamic viscosity. Designations Ay; A; and Az are
called kinematical tensors and are defined by

A = (VV) + (VV)T,
B dAn_ll ( ) ( ) T n= 2[3 (2)
A, = ar +An_1(VV) + (VV) Ay 1

Here, % is material time derivative. The symbols V and V represent the gradient
operator and velocity vector field, respectively. If fluid motion is compatible with thermo-
dynamics and Helmholtz free energy is small at the rest position of fluid, then

u=>0,
1 >0, |0€1 +062| < \/24‘11[33, (3)
B1=p2=0,B3>0.

Then Equation (1) obtains the following form
T = —pl+ s + a4z + 0243 + Ba (1A% ) A )

Flow Analysis

Consider viscous, steady, incompressible, and two-dimensional flow of an electrically
conducting third-grade fluid past inclined and exponentially stretching sheet embedded in
the porous medium. B(x) = Bye*/" is the applied magnetic field in y-direction. The Darcy-
Forchheimer relation is accomplished. Surface temperature is T;,, ambient temperature
is Teo with condition Ty, > Tw. Surface mass concentration is Cy,, ambient concentration
is Ceo with condition Cy > Coo. The vertical and horizontal coordinates are x, y, and the
corresponding velocity components are u, v respectively. The flow configuration is depicted
in Figure 1.

Concentration boundary laver

Thermal boundary layer

Momentum boundary layer

X, Uu

X
u=U,=U,eL,v=0T=T,C=C,aty=0,

Figure 1. Flow configuration and coordinate system.
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By following [2,26] the flow equations are given below:

Ju ov
P + @ =0 (5)
ol ou _ 9% Posd u 92 Ju 92 Posd Ju 92
2
+6% (g—;) 327”2‘ + 8B7(T — Teo)cosa 4 gBc(C — Coo)costt — %(x)u — ¥ - Fu?
oT  oT 0*T
el P il 7
"ox vay o a2 @
aC aC 9%C
ox + @ = Dp, ayz ®)
The molded conditions are
u=Uy, v=0,T =Ty(x), C= Cy(x)aty =0, ©)
u—0 T T, C—-Co as y—oo.

Here, U, = er%, stretching velocity, Ty = Teo + C,e*’L is the wall temperature,
and Cy = Coo + Cpe* /L is the wall concentration. Reference velocity, concentration, and
temperature are U,, C,, and T,. Here, 7, k, o, Bc, v, Cs, and y, are coefficient of thermal
expansion, thermal conductivity, electrical conductivity, coefficient of concentration expan-
sion, kinematic viscosity, concentration susceptibility, and dynamic viscosity, respectively.
Designations &, F = \/C—I%, Cp, Cp, Dy, and K, are thermal-diffusivity, coefficient of inertia,
specific heat at constant pressure, drag coefficient, mass-diffusivity, and permeability of
porous medium, respectively. Here, (a1, ap, 53) are material moduli.

3. Solution Methodology

The whole solution methodology for solving the flow equations given in Equations (5)—(8)
with boundary conditions is detailed here (9). The entire solution process is outlined here.

3.1. Similarity Formulation

Equations (5)—(9) are nonlinear partial differential equations that are difficult to solve,
we first convert them into ordinary differential equations by utilizing variables given in
Equation (10) used by [27].

u=Usel, v = /% (f(n) +nf (1))el, T = Too + Coblet, C = Coo + Copet,

L (10)

_ U,
N =\/2ye

The Equation (5) is automatically satisfied when the above-mentioned similarity
variables are used in Equation (10), and the Equations (6)—(8) with boundary conditions
Equation (9) take the following form.

f/// +ff// _2f12 +2R1(9—|—N¢)COSOC+K<6f/fW _ff(iv) _zﬂf//f/// _9f//2) (11)
_L(3f//2 _|_;,]f//f///) +3ﬁRef//2f/// _ Mf/ _K*f/ _ Frf’2 -0

1
g _ / — Vi
f0-f0' =50 (12)

1
C

flo—fo' =<0 (13)
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Boundary conditions

f=0f=1,0=1¢=1asy =0 (14)
ff—=1,f"—=0,06—0,¢—0asy — oco.

Here, M = ZULBI L is called the magnetic field parameter, Fr = Ci’/LKi is called local

inertial coefficient, f = 535/05 is known as the third-grade fluid parameter, N = g‘;% ,is

X
. L. .
termed as buoyancy ratio parameter, L = “zgj“f is called cross- viscous parameter, Pr = -

Gr Ua
Re2

is called Richardson number, Re =

X
L isvi : Too—Teo) L
number, K = “121;,[32 is viscoelastic parameter, Gr = m

2vL
KolUpeL
notation is the differentiation w.r.t to 7.

The mathematical expressions for the skin friction coefficient, the Nusselt number, and
Sherwood number are

represents Prandtl number, Ri = a is Reynolds

is called Grashof number,

Sc=p - is Schmidt number, and K* = is permeabﬂlty parameter, and here, the prime

Tw JuwX gmX
Cr=—2, Nu=——1"__ Sp=_1"" __ 15
o2 k(T — Two) Dy (C — Coo) 15)

where

Tw = (Ea); + (23? g; +ng7§‘ +”aajauy) + 2},3’(3;)2)
o = —k(w), G = _Dm(a%) (16)
aty =0.

are stress tensor, heat and mass flux at surfaces, respectively. The transformed form is
Equations (15) and (16), which are given as follows:

Cr= %R—e [f"(0) + K(3f"(0)f"(0) — £(0)f"(0)) +2BRef"?(0)],
Re~Y2Nu = —61(0), (17)
Re~1/28h = —¢/(o),

3.2. Solution Technique

Approximate solutions of the Equations (11)—(14) are determined by MALAB built-in
Numerical Solver bvp4c. Pertinent parameters are local inertial coefficient Fr, third-grade
fluid parameter B, buoyancy ratio parameter N, cross- viscous parameter L, Prandtl number
Pr, viscoelastic parameter K, Schmidt number Sc, permeability parameter K*, and magnetic
field parameter M. The numerical results of the considered model are determined with the
use of MALAB built-in Numerical Solver bvp4c. Equations (11)—(14) are transformed to
first order ODEs and then put to bvp4c for solutions. Equations are set,

f=yQ), f =y@2),f =y@3), f" =y4),0 =y((5), 6 =y(6), p =y(7),¢' = y(8), (18)

U =yyl = (1/Kxy(1)) = (2% Ri* (N*y(7) + ())*cosoc+y() y(1) * ()*Z*y() +K
#(6%y(2) *y(4) — 2%+ y(3) xy(4) —9*y(3)?) (3*y( Z4+nxy(2)xy(4) +3 (19)
*ﬁ*Re*y(3)2*y(4>—y(2>*(K*+M+y( )+Fr*y(2>)))

0" =yy2 = Prx(y(2) xy(5) —y(1) *y(6)) (20)
¢" = Sc x (y(2) xy(7) —y(1) xy(8))) (21)

Boundary conditions’

), 6
)

Yo(1) =0, y,(2) =1, y,(5) =1, y,(7) = 1, yinf(2) =0, yinf(3) =0, yinf(5) = 0, yinf(7) = 0. (22)
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Equations (18)—-(22) are solved to get the numerical solutions of velocity profile f'(1),
temperature profile 6(7), and mass concentration ¢ (7). Furthermore, the skin friction coef-
ficient Rel/2C £, Nusselt number Re~12Nu, and Sherwood number Re~1/2Sh are graphed
and tabulated.

4. Results and Discussion

Now we focus on analyzing and discussing the physical behavior of unknown qualities
of interest under the influence of physical parameters found in flow equations. Local inertial
coefficient Fr, buoyancy ratio parameter N, Prandtl number Pr, Richardson number Ri,
viscoelastic parameter K, Schmidt number Sc, permeability parameter K*, third-grade
fluid parameter 8, magnetic field parameter M, and cross viscous parameter L effects are
estimated onvelocity distribution f' (1), temperature distribution 6(#), concentration profile
¢(17). Behavior of the skin friction coefficient Re'/2C  heat transfer rate coefficient (Nusselt
number) Re~1/2Nu, and mass transfer rate coefficient (Sherwood number) Re~1/25h under
sundry parameters are observed and graphed (see Figures 2-27) and tabulated. The present
results are compared with already published results in Table 1 and it is observed that there
is good agreement between them. This good agreement ensures the validation of accuracy
of the results.

Table 1. Comparison of results for —0'(0) when Ri =0, N=0, Sc=0, M=0, =0, L=0, K=
0, K*=0, Fr =0.

Pr Magyari and Keller [31] Present Study
1.0 0.9547 0.9551

3 1.8691 1.8121

5 2.5001 2.5577

10 3.6604 3.6868

1 T T

== Ri=1.0
sennnnn Rj=3.0 [
Ri=5.0
Ri=7.0 ||
N— i
7 8 9 10

Figure 2. Effect of Ri on f'(7).
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—===N=1.0

sunnmnn N=3.0 ]

== N=5.0

6(n)

N=7.0 ||

== K=0.1
snnnnnn K=0.5
e K=1.0

K=1.5]

fm

Figure 4. Effect K on f'(1).
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1 T T
== K=0.1
0.9 snnnnnn K=0.5 [
08 == K=1.0
=T K=1.5]|
0.7 - -
L e i
0.6 \
~ ‘
E osr N i
< X\
0.4* I-‘\ —
:\\
0.3+ e\ i
AN
0.2} % |
& v, b
O\OQ \
0.1+ s e, N -
\’b. ~
.\.'..l?. -~
0 | | S L O Y i -
0 1 2 3 4 5 6 7 8 9 10
n
Figure 5. Effect of K on ¢.
-—— - B:O’]
[Ap—— B=5'0
-.-.-B=8'0 |
N— ]
3 3.5 4

Figure 6. Effect of $ on f'(1).
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1 :
————3=0.1
ammmmEEl B:so
—eme= =80 ||
—— 3=11.0

0.9

0.8

0.5

O(m)

0.4

0.3~

Figure 7. Effect of  on 6(7).

1 ‘
-—— - B:O‘]
0.9 careaes Bo50
0.8F —imee (=80 |
— =110
\ B
0.7+ 1
0.6 .
N
E ost .
=
0.4 .
0.3F .
0.2¢ .
0.1+ .
0 "
0 9 10

Figure 8. Effect of B on ¢(7).
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1 T T
=== | =0 1
0.9 \ sennmnn | =50 []
08 \‘ memmem | =9 0
1k —— | =12.0 | |
\
8 9 10

Figure 9. Effect of L on f'(7).

£

mmmmnnn o =/4 B

Figure 10. Effect of « on f'(7).
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====K=1.0
TLLLL K*=4.0
=e=reK'=7.0 |
K'=11.0

f(m

n
Figure 11. Effect of K* f'(1).
1 \
====K=1.0
0.9 . -
EEEEEEN K =4-0
0.8+ === K'=7.0 |
K'=11.0
0.7+ =
0.6+ E
= :
K 0.5+ \‘-‘}‘ i
< 0.4 [
A 1% e
%
v
0 3 r "“\ —
“"‘\
A N
0.2+ AN ]
AN
\‘0:0\
0.1- SN |
~ ..O.....~.~
0 Q-;'._l.'
0 1 2 3 4 5 6 7 8 9 10
n

Figure 12. Effect of K* on ¢(7).
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1 XY \
. \\ == Fr=0.1
0.9 N sennnnn Fr=1.0 [
i \\ == Fr=3.0
0.8F\ % -0
A Fr=5.0
- “‘ \
0.7 + \- . \ -
\ . \
. “ \
0.6 PN i
VN
% ‘\ % \
\\/ 0.5+ . . \\ |
S~ S
0.4} LN 4
\ . \
%N
0.3 Y
- I~ \ ”’ |
N, T, \~
L N e, ~ i
02 0\.\ ,.... \\
0.1 ~.~ ;.."'lnnn - |
0 ! ! ! L L I I — ]
0 1 2 3 4 5 6 7 8 9 10
n
Figure 13. Effect of Fr on f' (7).
— === Fr=0.1
snnnnnn Fr=1.0 [
mammem Fr=3.0
Fr=5.0 ||
6 7 8 9 10

Figure 14. Effect of Fr on 6(7).
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———= Pr=0.72
snnnnnn Pr=1.0 [

mammem Pr=3 0

Pr=7.0
ON— i
7 8 9 10

———= Pr=0.72
snnnnnn Pr=1.0 []
memmnm Pr=3.0
Pr=7.0
—~
— i
N
D
8 9 10

Figure 16. Effect of Pr on 6(7).
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1 T T
== \] =01
wnnnnani M =3.0 |
== M =7.0

M =10.0 |]
O B
6 7 8 9 10
n
Figure 17. Effect of M on /(7).
== \] =0.1
snnnmnn \] =3.0 [
mammsm \ =7.0
M =10.0 ||
—~~
o |
~
D
6 7 8 9 10

Figure 18. Effect of M on 6(7).
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1.4} Sso —=——-B=30 |
Tea, NNN sangans =50
e, ~< B =5.
Tt ~ ~ =sgee= 3 =8.0
1.2 >.~.~.~ Tea, . SO - p=8.0 ||
~e..e, —— =110

1
D“\
0.8
Q
~
)
R o6l ]
0.4 8
0.2 _
0 | | | | | | | | |
0 0.05 0.1 015 02 025 03 035 04 045 05
Figure 19. Effect of p on Rel/ZCf.
0.7 = \ \ =
b ==—w== 3 =3.0
N~ "-...'~ rrwrn 3 =50
0.6+ ..'.. =
<l —-w:= B =8.0
..-..,__... . —— B =11.0
0.5 ..."'-.-... "y, B
g o4l . ........_.::-r
Q =
5
Y 03} i
R
0.2 _
0.1 _
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Figure 20. Effect of 8 on Re™/2Nu.
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Q 0.4r 8

8

0.3+ i
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0.1F -
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Figure 21. Effect of § on Re~1/25h.

1.5 ———=K" =10

EnngeEn K* =4.0
=rwe=K =7.0

R
S

0.5- TS ==

0 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5

Figure 22. Effect of K* on Rel/2C 2
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~~ T T
08l ~~< ====K =1.0
EnagEEn K* =4.0

e, ~~~~ N
L}
0.7* ~.~. .'...... ~~~-- -.'.-K =70
~~~
|

0.6

0.5~

Re-l /2 7

0.3~ i

0.2+ B

1 1 1
0 0.05 0.1 0.15 0.2 025 03 035 04 045 0.5

n

Figure 23. Effect of K* on Re™/?Nu.

—=——=K' =10 [
"""‘K* =4.0
==K =7.0
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0.9 My ."'-,

0.7 -

0.6 -

0.5+ =

Re_I/ZSh

0.3 s

0.2+ |

1 1 1
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Figure 24. Effect of K* on Re™1/2Sh.
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v 03l
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Figure 26. Effect of Fr on Re™'/2Nu.
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Figure 27. Effect of Fr on Re~'/2Sh.

4.1. Influence of Involved Parameters on Velocity Profile f' (1), Temperature Profile 6(n), and
Mass Concentration ¢ (1)

For elevated values of Ri, the physical behavior of f’(#) is shown in Figure 2. Elevation
in Ri results in the strong augmentation in f’(), that is to mention that the rest of the
material numbers are kept fixed. Here, this is the result of the forced convection effects
being minimized and the free convection effects being enhanced, which is due to the
velocity of the fluid rising up by a reasonable difference according to the momentum with
which the boundary layer thickness increases. Results plotted in Figure 3 are imparting
the effects of N on 6(#). Graphical findings indicate that 6(7) is decreasing functions of
N and leading the reduction in the thermal boundary layer thickness. Figures 4 and 5
portray the variations in profiles of velocity, and concentration against the increasing values
of viscoelastic parameter K. Findings depict that flow velocity goes on enhancement as
shown in Figure 4, but reverse trends in ¢ are seen, as shown in Figure 5. In order to
have an insight on the influence of f on f'(17), 6(1) and ¢(7) the Figures 6-8 are sketched,
respectively. Plots show that augmentation in p gives rise in fluid velocity, and a decreasing
trend is noted for temperature and concentration profiles. This is due to the fact that as §
increases, the basic viscosity of the fluid is attenuated, which causes the fluid velocity to
increases rapidly. Physical consequences of cross-viscous parameter L on f'(77) are shown
in Figure 9. It is worth mentioning that when L rises, a decrement in f’ () is noted.

The influence ofangle of inclination « on f'(5) is depicted in Figure 10. There is
reduction noted in f’(17), as angle of inclination & = ¥ to & = % as shown in Figure 10. In
the case when & = 77/2 the horizontal plate is secured, and in the case when & = 0° a vertical
plate is obtained, and for the rest of values of « in between 0 < & < 71/2 an inclined sheet
is retained. In Figures 11 and 12 the impact of permeability parameter K* on f’(7), and
¢(17) is demonstrated, respectively. Figures indicate that increasing values of K* leave the
decreasing trend in /(1) and increasing trend in ¢(7). From the definition of permeability
parameter K*, it is easy to conclude that as K* is intensified as a result of an increase in
viscosity and decrease in porosity of medium, that compels the fluid to slow down in
speed. In Figures 13 and 14 the behavior of the velocity field and mass concentration owing
to enlarging values of Fr is displayed, respectively. Graphs reflect that as Fr is enlarged,
velocity drops down, but the temperature field gets stronger at angle « = 7. Physically it
is endorsed by the fact that an increase in Fr is due to an increase in Cj, and a decrease in
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porosity of medium that causes fluid velocity to fall down. Figures 15 and 16, reveal the
physical influence of Pr on velocity distribution and temperature distribution, respectively.
Plots show that by raising Pr, the velocity and temperature both fall down. From Figures 15
and 16 it is observed that when Pr is increased, velocity and temperature distribution
are depleted. The physics of the Prandtl number are endorsed by the above happening.
When Pr augments, the viscosity of the fluid gets stronger and the thermal conductance
of the fluid gets weaker, thus there is retardation in the speed of fluid and depletion in
temperature of the fluid. The effect of the magnetic field parameter M on f’(1), and 6(77)
is revealed in Figures 17 and 18, respectively. It is seen that the increment of M, f'(1), is
reduced but 6(7) are improved. As a result of the application of a magnetic field, Lorentz
force is created and hence resistance is produced, so velocity is delineated and temperature
is strengthened. All of the graphs are plotted at an angle of « = Z (inclined exponentially
stretching sheet), and all of the graphs that satisfy the modeled boundary constraints have
asymptotic behavior.

4.2. Influence of Parameters on Skin Friction Coefficient Re'/2Cy, Nusselt Number Re~'/2Nu,
and Sherwood Number Re~'/2Sh

Here, the influence of third-grade fluid parameter 8, permeability parameter K*, and
local inertial coefficient on the skin friction coefficient Rel/2C 'z Nusselt number Re~1/2Nu,
and Sherwood number Re~!/2Sh are shown in Figures 19-27. In Figure 19 the effect of
third-grade fluid parameter 8 on the skin friction coefficient Re/2C ¢ is shown. The graph
shows that as f is increased Re'/?C ¢ reduces. Figure 20 depicts the influence of  on the
Nusselt number Re~!/2Nu. From the graphical results it is concluded that as f is enhanced,
then the Nusselt number increases. Figure 21 illustrates the consequences of the third-grade
fluid parameter on the Sherwood number Re~!/2Sh. It can bee seen that there is a direct
relation between the Sherwood number and 8. Figures 22-24 show the numerical solutions
of the skin friction coefficient, Nusselt number and Sherwood number, respectively, under
the effect of the permeability parameter K*. It is viewed that as K* is augmented, then
there is a direct relation between Re!/2C rand K* but an inverse relation is seen between
K* and the Nusselt number and the Sherwood number. Figures 25-27 are plotted to show
the physical behavior of the skin friction coefficient, the Nusselt number, and the Sherwood
number, respectively, against the different values of local inertial coefficient. From Figure 25,
it is noted that as Fr is enhanced, an increment in Re!/2C £ 1s observed. Figures 26 and 27
show that as Fr is raised then a reduction in Re~/2Nu and Re~1/2Sh is observed. Table 1
shows the comparison of numerical results for —6’(0) with the numerical results available
in the literature for such a special case. Tabular results show good agreement between the
already published results and current results, which show the validation of the current
algorithm.All these are results presented in Table 1 and Figures 19-27 are computed exactly
at the surface at angle of inclination « = 7t/6.

5. Conclusions

The present study deals with numerical evaluation of third-grade fluid flow and heat
transfer with the effect of the Darcy-Forchheimer relation along the inclined exponentially
stretching sheet embedded in a porous medium. The equations are solved by MATLAB
built-in numerical solver bvp4c. The major outcomes of the current work are as follows:

e  f/(n) rises as Ri, K and B rises, but the reverse scenario is noted against the elevating
values of L, K*, Fr, and Pr.

e () is elevated as N and Fr are raised, but the reverse scenario is noted owing to
increase in  and Pr.
¢(n) is intensified as K* is augmented but falls down as  and K are elevated.
It is concluded that the skin friction coefficient increases with increasing values of K*
and Fr, but the opposite trend is seen for increasing magnitudes of p.
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e  The Nusselt number is elevated against elevating values of § and the opposite action
is viewed for increasing K* and Fr.

e  The Sherwood number fleshes out an increasing attitude for increasing  and shows
the decreasing trend for augmenting K* and Fr.

e  The present results for such a special case are compared with the previously published
results and there is nice agreement between them, which validates the accuracy of the
current results.

e In the future, this model can be extended to nanofluid and hybrid nanofluid with
different fluid characteristics.

e  This can also be extended to analyze the impact of reduced gravity on this model.
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Nomenclature

Nomenclature

T (K) Ambient temperature
Cw Wall concentration

Coo Ambient concentration
T, Wall temperature

« Angle of inclination

u, v Velocity components in x and y directions
N Buoyancy ratio parameter

K Viscoelastic parameter

C(kgm~3) Concentration in boundary layer
Sc Schmidt number

F Coefficient of inertia

Cp(Jkg~1K~!) Specific heaconstant pressure
x,y Coordinates

Sh Sherwood number

L Cross viscous parameter

Cy Skin friction

x,y Coordinates

Ri Richardson number

Cp Drag Coefficient

Fr Local inertial coefficient

Dy, (m?s~1) Mass diffusion coefficient
Nu Nussle number

T,» Mean temperature of fluid
Greeks

Bc (K1) Volumetric coefficient
concentration expansion

6 Dimensionless temperature
Br(K~1) Volumetric coefficient thermal expansion
¢ Dimensionless mass concentration
x(Wm~1.K~1) Thermal conductivity
#(Pa.s) Dynamic viscosity

B Third-grade fluid parameter

o Electrical conductivity

ay (ms~!) Thermal diffusivity
v(m?s~1) Kinematic viscosity
p(kgm=3) Fluid density

w1, ap, B3 Material moduli
Subscripts

oo Ambient conditions

w Wall conditions
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Re Reynolds number

T (K) Fluid temperature in boundary layer
Pr Prandtl number

g (ms~2) Gravitational acceleration

K* Permeability parameter

Gr Grashof number

K, Porous medium permeability
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