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Abstract:

The present study explores the thermal and Joule heating effect of Casson nanofluid flow with
chemical reaction over an inclined porous stretching surface. The results of heat source/sink, viscous
dissipation, and suction are regarded. The new physical governing equations of partial differential flow
equations are converted into nonlinear ordinary differential equations and are numerically resolved
employing the implicit finite difference technique. The influence on velocity, temperature, and
concentration fields of many flow variables are addressed. It is found that the angle of inclination
parameter leads to enhance in the boundary layer thickness and also identified that the Joule heating
parameter increases the thermal boundary layer thickness which helps in holding system temperature
of the fluid flow. The numerical and graphical findings are defined for the numerous related
attentiveness flow parameters. The empirical data reported are compared with the published outcomes.
In addition, the skin friction coefficient, Nusselt and Sherwood numbers were shown in tabular form
and significant changes were observed with the influence of various parameters.
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NOMENCLATURE
u,v factors of velocity in x and y-direction Ec u,2 Eckert number
LTk,
n Dimensionless variable e 95:(C.-C,) local modified Grashoff number
aZX T o2y (en )
a” thermal diffusivity Ha — 2080 Hartmann Number
~ap(n+1)
a positive constant T, ambient temperature
Q, volumetric heat generation/absorption D, Thermophoresis diffusion
coefficient
B, coefficient of thermal expansion Np = ) Pe(C, —C.) Brownian motion parameter
v{pe);

v kinematic viscosity 2xk, Chemical reaction parameter
u dynamic viscosity of a fluid CE=TH +1)UW

C fluid concentration Gr_ 9 (T( i ) local Grashoff number

a’x 2n-1
T fluid temperature C, nanoparticle concentration
sc=_¥_  Schmidt number 3 208,°U,° Joule heating parameter
D, _apf(T —T,.),(n+1)
T, wall temperature 2xQ Heat source/sink parameter
~ (o) (n+1U,
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o an inclination parameter Re, local Reynolds number
B(x) non-uniform magnetic field o__ v, Suction parameter
av(n H')x[%l)
2
o Stefan-Boltzman constant Py base fluid density
g acceleration due to gravity B, uniform magnetic field
Cf, skin friction coefficient v Stream function
D, Brownian diffusion coefficient R 40T3 Radiation parameter
T k'k
Sh, local Sherwood number
»1 stretching velocity o electrical conductivity
U,=ax?
Pr = VY Prandtl number yii Casson fluid parameter
a
Nu, local Nusselt number C, ambient value of nanoparticle
fraction
n nonlinear stretching parameter T, Wall shear stress
c, specific heat capacity L Concentration expansion
coefficient
” velocity of suction Qu heat flux at the wall
k™ mean absorption coefficient w condition at the surface
dp the mass flux q, the radiative heat flux
B, Constant X,y space coordinates
K, chemical reaction coefficient (pc), heat capacity of the fluid
k Nanofluid thermal conductivity Nt — (pC)p(DT ()Tw -T.) Thermophoresis parameter
v(pce), T,
(c), effective heat capacity of a nanoparticle 0 condition at the free stream

1. Introduction

Many Researchers are involved in addressing the fluid flow issues across stretching surfaces. Such flows are
ideal for applications in the paper, plastic, fiber, silicone, and metal sheets industries (Yasin et a., 2016, Nayak
et al., 2016, Ashraf and Bashir, 2011, Adhikari and Sanyal, 2013, sui et al., 2015). Magnetohydrodynamics, a
significant area of study, and plays a key role in engineering and science which include the electrically induced
physiological fluid movement under the magnetic field results. Maxwell's equation described the simulation of
these fluids. The induction of electrical impulses into flowing fluids induces transverse magnetic fields. The
collaboration of these induced currents with a magnetic field is known as the Lorentz force as a sort of resistive
energy. Different magnetic field applications are growing in energy equipment are studied by Babu et al. (2014),
smart aerospace production by Shima et al. (2009) and industrial processing devices by Ferdows et al. (20014).

The flow studies of the porous medium have become very prominent due to major functional applications in
various sciences and engineering sectors, in which few are polymer extrusion, heat swapping, geophysical,
geothermal, etc., as well as in soil water purification, petroleum tanks, kernel storage systems, etc. The thermal
and mass transport of the MHD flow has become a subject of work in current days because of influential
applications in engineering and manufacturing. Particularly in the production of magnetic materials, geophysics,
and cooling rate control, etc. For this purpose, Makinde and Aziz (2010) deliberate the mixed convection MHD
boundary layer flow combined with a vertical porous plate. Pekmen et al. (2019) considered with the magnetic
effect, Arifuzzaman et al. (2018) investigated the behavior of radiation and homogeneous-heterogeneous effects.
Raptis et al. (1982) presented the free convective MHD flow with constant thermal flux on an infinite vertical
plate. For business and science, the primary source of radiation is the public welfare, and lastly, the veterinary.
The impact of radiation on fluid flows is worth analyzing, for instance, nuclear protection, geothermal plants,
heat internment, etc. Chemical reaction erudition is used in immense technical and technological sectors,
including the chemical industry, material manufacturing, food manufacturing and glass development. For
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example, in recent studies Pilani and Kim (2012) examined the heat transfer characteristics of natural
convection past a vertical cone under the combined effects of magnetic field and thermal radiation with
subjected to a variable surface heat flux. A steady two-dimensional MHD free convection of heat transfer in
flow past a semi-infinite flat plate in transverse magnetic field with heat flux has been examined by Geetha et.al.
(2014), Khana et al. (2018) discussed the unsteady flow of non-Newtonian fluid with the properties of heat
source/sink in the presence of thermal radiation moving through a binary mixture embedded in a porous
medium. Shankar and Rajashekar (2018) studied the influence of MHD heat transfer fluid flow of a micropolar
fluid over a stretching surface, Mohamed and Abo-Dahab (2009) analyzed the effects of chemical reaction and
thermal radiation on hydromagnetic free convection heat and mass transfer micropolar fluid over a porous
medium bounded by a semi-infinite vertical porous plate with heat generation, Nandeppanavar et al. (2011) are
examined the flow and heat transfer characteristics for MHD viscoelastic boundary layer flow over an
impermeable stretching sheet with space and temperature dependent internal heat generation/absorption, thermal
radiation due to frictional heating.

The word nanofluid was first used by Choi (1995) to refer to fluids with suspended nanoparticles. In recent
years, work on heat transfer and boundary layer flow in nanofluids has earned expanded aid in various industrial
applications owing to its growing relevance. Daniel et al. (2018), Akbar (2013), Makinde and Aziz (2011)
studied the different aspects on magnetohydrodynamics (MHD) flow of nanofluid towards a linear and non-
linear stretching surface in the presence of thermal radiation, viscous dissipation, Joule heating, and chemical
reaction. The fluid disobeys Newton's law of viscosity is abbreviated as non-Newtonian fluids. Casson fluid is
the Non-Newtonian fluid. Few daily lives Casson examples include blood, honey, fruit juices, etc. Casson's fluid
also has significant uses in research, electronics and medicine, oil recovery systems, and cooling computer tools
that dry rigid structures. The Casson fluid is more capable than the Newtonian fluid in the process of thermal
transport. Non-Newtonian fluid properties, including Casson fluid and due to their broad uses in several fields
manufacturing. Casson fluid is a solvent that dilutes the shear and at zero. This would have infinite viscosity and
vice versa shear values. Some investigations are made by many scientists and scholars were inspired by the
Mustafa et al. (2011), Nandy et al. (2013), Bhattacharyya (2013), Mukhopadhyay et al.(2013), Hari Singh
Nayak et al. (2020), Hayat et al. (2012), Nadeem et al. (2014) considered MHD stagnation-point flow and
Casson fluid flow with varying impacts, and some of the authors are studied the impact of radiation, viscous
dissipation, heat source/sink on magnetohydrodynamic nanofluid heat transfer boundary layer flow over a
stretching sheet with slip conditions and variable suction (Shankar Goud et al, (2020), Dharmendar Reddy et al.,
2016, Shankar Goud, 2020, Dharmendar Reddy et al., 2017, Bal Reddy et al. 2018). Khan et al. (2014) and
Akhbar et al. (2015) discussed the impact of MHD boundary layer flow of a nanofluid containing gyrotactic
microorganisms past a vertical plate with Navier slip and MHD dissipative flow and heat metachronal wave
propulsion of velocity slip effects, Rizwan-Ul-Haq et al. (2014) analyzed the MHD convective heat transfer
effects on Casson nanofluid flow over a shrinking sheet, Nayak et al. (2017) studied the thermal radiation
impact on three-dimensional free convective flow of nanofluid over a linear stretching sheet. Sharma and Saboo
(2017) discussed the heat and mass transfer with viscous dissipation in horizontal channel partially occupied by
porous medium in the presence of oscillatory suction. Effect of radiation and chemical reaction on MHD flow
past a vertical plate with variable temperature and mass diffusion was studied by Rajput and Gaurav Kumar
(2019). Bala Anki Reddy (2016) studied the effect of MHD boundary layer slip flow of a Casson fluid over an
exponentially stretching surface in the presence of thermal radiation and chemical reaction. Numerical analysis
of Heat and Mass transfer along a stretching wedge surface are analyzed by Ali et al. (2017). Further, Banshiwal
and Goyal (2018) have examined the influence of MHD non-darcian flow due to horizontal stretching sheet
embedded in a porous medium with thermal stratification effects.

The objective of this study is mainly concentrated on the influence of source /sink, Joule heating and thermal
radiation on MHD free convection flow of a Casson Nanofluid over a inclined non-linear stretching sheet in
presence of chemical reaction. The transformed nonlinear ordinary differential equations are solved numerically
by using Keller-Box method. The effect of various physical flow parameters on velocity, temperature and
concentration distributions are presented graphically. In the present study, the obtained results are compared
with previously published work and found to be in a good agreement. This inclined non-linear porous stretching
sheet has extreme coverage in mechanical, civil, aeronautical structure and marine and designs.
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2. Mathematical Formulation

This article intensifies electrically conducting incompressible and viscous steady state two dimensional MHD

Casson nanofluid mixed convection flow through an inclined nonlinear permeable stretching surface with heat

generation/absorption, Joule heating, suction, viscous dissipation, chemical reaction, and thermal radiation
n-1

placed aty =0. The velocity U , = ax 2 (a > 0) of the sheet changes with the direction of X —the axis and

along Yy -direction with the velocity of vV =V,,. In addition, the current flow scope is positive (y > 0).
n-1

Furthermore, this plate is often implemented with the B(X)z B,X 2 equation by a magnetic field, which is in

the path of y -axis. The fluid conducted electrically is induced by the same magnetic field. It should be

indicated. The induced magnetic field is close to zero if the Reynolds number is extremely small. Along with
this, considered chemical reaction and heat source to the flow. In order to extend the wall such that origin is

fixed, while two identical and reverse forces are added along the x-axis direction. In this, T, and C,are
considered to be the thermal temperature and concentration of nanoparticle and, as y — oo, temperature and

nanoparticle volume fraction ambient values are T_andC_ . The rheological equation of mood for the as
incompressible and isotropic flow of Casson fluid is stated as:

2[ﬂ8+%Jeij’ T > T,

ro= @)
2,uB+L e . T

Jer )1

1

>

Fig.1: Physical Configuration and Coordinate System

here the fluid yield stress is P, , 7, is the critical value of this product based on the non-Newtonian model,

Mg is the dynamic non-Newtonian fluid viscosity, 7 is the product of the element of deformation rate with
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itself, and €; ; is the (i, j)" element of the deformation rate.

The following are the set of differential equations, which governs the fluid flow: (Refs. Khan et al. (2014))
ou ov

oo 0
ox oy
] A IR EV AR ST ICRCR P

ar ot .ot (ec), [ D, (6TJ2 ocar | v ( 1}(@}2
U—+V—=a —+ —|— | +Dg—— |+ —|1+—= | —
ox oy oyt (pe) (T oy oy oy ¢, By

2 O
LB X)), 1 a1 Q |
(pc)f (pc)f oy (pc)f (T _Too)
2 D 2
Wy _p,[FC) DO e g ) ©
ox oy ) T, %
o » - 40" OT"*
Roseland approximation of radiative heat flux is yielded by Q, = —WE, (6)
The Taylor series equation for T*as T is the following if a minor temperature variation in flow is assumed:
T~ 417,°-31° (7)
Now, substitute Egs. (6,7) in Eq. (4) then it becomes:
2 C 2 2
Wy T 0T, (o), &(ﬁj . p, T +L(1+5J(a_“j
ox oy oy (eo) | T Loy oyoy| c,\ -8 oy ©
2 *
LB ()., 1 160 gﬁg} 1 Q
(Pc)f (Pc)f 3k oy oy (pc)f (T _Too)
Subject to the corresponding conditions are:
n-1
u=U,=ax?,T=T,v=y,C=C, at y=0, )

v—>0T->T,,u->0C—>C, as y—->w

)
It is supposed that B(X) = BOX( 2 /js called the variable magnetic field. To transform the PDE’s into ODE’s,
with the help of the following similarity transformations:

n=y Mx[nz_l],y/ = ,/%X[le f()v=- MXUJ( )+ D=2t ’(77)],

2V 2

c-C T-T
— n f ! ) — —0079 — 0
u=ax"f'(n).¢(n) c ¢ () T

Here the local similarity variable is 77, (17)is the dimensionless stream function, 8(17),#(17)are the non-
dimensional temperature and concentration of the nanofluid, Normal description of the stream function

specified as U = a—l//,v = _8_(//.
OX
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a(n+1v [”7_1]
Here, take overv,, = — Tx S, (the suction parameter is S ).

After replacing Eg. (10) into the Eq.(2), (3), (5), (8) and boundary conditions (9) the ODE’s are finally
obtained as follows:

A TE ”—i(n- f'2_Gr-0+Gc-¢-cosa)-Ha- f'=0, (1)
p n+1
4R " ' P 12 1 "2 12
1+? 6" +Pr| f60'+ NbO'¢' + NtO'* + 1+E Ecf"“+Q&+ Jf'* |=0, (12)
14 ! Nt "
¢" + Scfg +m6 —Scygp=0. (13)

The boundary conditions are
f=5f'=1 =1 ¢=1 at n=0,

' (14)
f'=0, 6=0, ¢=0 as n — o,
where prime () represents the diff. w.r. to 77.
The physical parameters and non-dimensional numbers are described as follows:
1) ou
Cf, = Lu >, Where wall shear stress, is 7,, = NB(:H_][_j (15)
pr ﬂ ay y=0
_ X0Qy
N =", ) =
X

and Sh, = O (17)

DB(CW_CDO),

Where(,, and (, are heat and mass flux of the wall at the surface sheet correspondingly are specified by

q, =| — k+% g q =-D %
" 3k” oy s "oy )
y=0 y=0

Finally replacing 7,,,, g, and g, in the Egs. (15)-(17), we get

Re¥? Cf, = (1+ ;) f"(0) / (niljz (18)
Re”” Nu, = —(1+ 4;}9'(0) / (niljz (19)

Re¥? sh, = —(ijz #'(0), (20)

n+1

) xU,, ?
Where the local Reynolds number is Re, = .
v

3. Problem Solution Procedure

The ordinary differential Egs. (11) — (13) are non-linear and it is not possible to get closed-form solutions, so
that, which have been numerically solved by implementing the Keller-Box technique and considering the
boundary conditions mentioned in Eq. (14), The approach was developed by Keller, and considered to be very
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useful for working with non-linear problems and simply apply to any order. The major points in this method to
achieve numerical solutions are:
i. Transform the given first-order differential equations into a linear set of equations.
ii. Write the converted ODE’s in the form of finite differences.
iii. With Newton’s method, the algebraic equations are linearized and put the equations into a matrix
form.
iv. Lastly, to get the solution of the set of linear equations employs the block tri-diagonal elimination
process.

3.1 Keller-Box scheme

The transformed differential equations (11)-(13) along with the boundary conditions (14) are numerically solved
by Implicit finite-difference method known as the Keller-Box scheme which involves the following steps.
Equations (11)-(13) are initially changed into a set of first ODE’s, and by implementing central differences can
be articulated to the difference equations.

i) Finite difference scheme
For this intention and introduce new variables 7(17), (), 0(n7), ©(17), #(17) and W(z7) with
f'=y,7'=£&,0"=0 and ¢’ = wso that the equations (11)-(13) are changed as

f'=x (21)
x'=¢ (22)
) (23)
¢ =w (24)
g L fg—(ij(n.zz ~Gr.0+Geg.cosa)-Hay |=0 (25)
p+1 n+1
(1+ ?}@l-l- Pr( fv+ Nb - w® + Nt - ®2 +(ﬂ7+1)EC.§2 +Q.0+ J.;(ZJ =0 (26)
W'+ Sc - (fw)+ E—:)@' ~Scy.$=0 (27)

The boundary conditions in Eq. (14) in terms of the new dependent variables, are given by

7(0)=1,1(0)=S,0(0)=1,4(0)=1and

2(17)—0,6(n) —>0,¢(7) > 0asy - x
Now, consider the section77;_477; , with 771.7}/ as the centre point and which is characterized as below:
2

(28)

x°=0,x"=x""+k,,n=12..J

ny=na+hyny=n,17,=0j=12..]

Here (hj ,K,) is in the space (AU,AX) and N, j are equitable numbers in the sequence which indicates the
position of the coordinates.

The differentials can be substituted with finite differences along the direction of X the -axis, for instance at any
given point the finite differences are as:

O =200, =200+

1T
J_E 2

st Wb gt (27 A2)
(&jj—% - Kn ’ (%j,% B h;
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Now, express the finite difference structure of the equation for the center point (Xn,nj y) by implementing
/2
the central difference derivatives. Equations (21)-(27) can be expressed in terms of the central point 771—% of
2

the section77;_;.77; . This scheme provides

h
?J(;(J +%i 1)+ f. (29)
h
?J(fj +§j—1)+lj—1 (30)
h
0,=—(0,+0,.)+0,, (31)
h

¢, = j(W, )+ s (32)

h.
s ](51 i f +f ) (§j+§j—1)'j_

(2 i1 +ZJ) _%'(Hj +91—1)+%'(¢j—1 +¢1)C050‘j_hj %(ﬂm +;(j_l):0
(33)

n+

h.
1+ ?j(@i —@H)+7‘Pr((fj +f,,)0(©,+0,,)+Nb©, +0, ) (W, +w, )

+h74jp [Nt((@ o) ) {Igﬁ leC(gi +§j—1)2 +2*Q(9,- +‘91—1)+J.(Zj +Zj—1)2J:0 (34)

Nt h,
I\I—b(®j_l -0, )—75c.y(¢j_1 +¢,)=0 (35)
Equations (29)-(35) are inflicted for j=1,2,3.... J, and also the altered thickness of the boundary layer 77, to be

adequately immense so that it is outside the boundary layer. Hence the conditions in Equation (28) are
fo=5.0,=1%,=1¢,=1¢,=0,%,=0,06,=0 (36)

W, —W,_ +h‘Sc(f+fjl)(w +W, L)-

ii) Newton’s method:

The set of Equations (29) — (35) are nonlinear to linearize these equations we adopt Newton’s method, the
following iterates are added.

Zj(iJrl) :(Zj)i +(5Zj)i,§ (i+1) (5 ) (56 ) (i+1) (Wj )i +<§‘Nj)i,
@j(m) :(®j)i +(é®j)i,9j(i+1) :(9 ) (50 ) ¢ (i+1) (¢ ) (5¢ ) and fj(i+l) :(fj)i +(6Tj)i
(37)

Substitute Eq. (37) in Equations (29)-(35) and then neglect the second and greater order quantities in
6fj',5;(j',5§j' ,5t9j' ,6@1-',5¢j' and éWJ-' , this technique yields subsequent linear equations.

h.
(rl)ji =& =, _?](59(1 +5Zj-1) (38)

2
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h.

(), =07, ~ 0,0 - (08, + 5%,.,) (39)
h.

(1), =56, - 56, —?J(ae)j +5® ) (40)
h.

-1 =5¢j _5¢j—1 _EJ &Vj +§Nj—1) (41)

—
N
~— ~—

(1), 2 = (61), 55, + (6,), 02, +(60), o, +(e), 8, + (&), 57, +(60), 57, 1 +
<e7>jfse,-+<e)ae,l c(e,), 56, +(00), 4, “)
(re)j_%:(d) +(d 2)Jé@Jl+( )5f +(d, )61‘Jl (d5) oW, +(dg )a/vjl+

(0,5, +(00) 52, 00), 00, + 6, 0,5+ (0, 52, +0), 21 ‘)
(n),-_; (9,), 0w, +(9,), 0w, +(95), 8, +(9,), L, +(9s),00, +(g,), 50, +

(9,),60; +(95),00; 1 4
where

), :1+“_21(ﬁi+1]fj;,(ez)j ~(e,), - 20,(e,), :h—zl(ﬂ/il}s =),

e, = A - e,
e = 2 ) ey o), = L |2 eosa =),

(dy), =(1+?]+hj%(f_ . +Nbw , +2Nt-©@ l],(dz)j =(d,); - 20,

-7 -7 J—E

(d7)j = h, E.EC.(ﬁJrl]ﬁf 1 :(dB)j’(d9)j :h'ﬂQ (le)j’(dll)j = h; Pr-J-Z__E :(d12)j
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hj{ p J(ij{n(f) 1-Gré , +Gc.cosa.¢__1}+hj,(i}Ha.z__l

B+1)\n+1 ] : : B +1 i

(r6)jf1 :(1+_j(®j—l_®j)_hj Pr 2 2 2 2
2 3 +Q.6 +J.(;(2)j71

=

Nt
(r7)j_% = (wj_l — W, )- h;Sc(fw), 1 —N—b(G)j —®j_1)+ Sc.hj.y.(,zﬁji

2 2

Boundary conditions (36) that can be met exactly without iterations. Therefore, in order for these values to
remain correct throughout all iterations, we take

&, = 0,8y, = 0,50, =0,54, =0,8%, =0,50, = 0,54, =0

iii) Block-elimination method

(45)

(46)

The difference equations (38) — (44) are linear and have a structure of block tri-diagonal matrix usually it
contains constants or variables and by using the block-elimination procedure, it can be solved efficiently, but it
can be noted here that an important aspect is made up of block matrices. Equations (38)-(44) are in a matrix-

vector form as

Ao=r
A C S
BZ AZ C2 51 rl
. 0, r
Where, A = L o=| ¢ land r =
054 .
B, AL Gy | 5, | Ll
B, C, |

The components in matrices are given below:

(47)
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0 0 1 0 0
h, h,
-1 0 0 o -2 o0 0
2 2
hJ hj
o -2 o0 0 o -2 o0
[A]= Lo 2o
0 0o -2 0 0 0 __i
2 2
€), 0 0 @) @) 0 o
(dg); (d;); (do); (d); (d7); (dy); (ds),
0 (96); (92); (@5); O (gs); (a)]
o _
S ) 0 1 0 0 0
2
h.
-1 0 0 o -2 o0 0
2
h
0 -1 0 0 0o -2 o0 _
(A ]= 2 ) 2<j<
0 0 -1 0 0 0 —?"
(&), (&), (ew); (&), (&), 0 0
(dp); (dy); 0 (dy); (dy); (dy); (dy),
0 0 (g); (g); 0 (g5); (9]
000 -1 0 0 0
h.
0 o -2 o0 0
2
h.
000 O o -2 0
[B,]= P lesi<a-t
“looo o 0 0 —?J' -
000 () (), O 0
000 (d4)j (dB)] (dZ)j (dﬁ)j
000 (g,); O (g0); (92)]
Ch _
- 0 0 0000
1 0 0 0000
0 1 0 0000
Cd=l o o 1 00 0 ofsisi-l
(&), (e); (&), 0 0 0 O
(dy); (dg); 0 0000
0 0 (g;), 0000
and
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[ 5&, | O%54 ] (rl)j%
&, 50, , (r,) j—%
W, 5¢j—1 (rS)j_%
B]=| & | [5,]=| & |2<i<3,and]r]= (Q),-_% 1<j<d
o o ),
59, 5, ()1
| oW, | oW ] (r, )Jj

to solve Equation (47), consider that A is not a singular matrix and now express A as
A=L.U (48)

o] | 1] [r] |
[ﬂz] [0‘2] [I]

where L= and U = where [e; Jand
. [aJ—l] s ]
15,] o] [1] |

[Fi ]both are 7" order square matrices and [I ]is a 7" rowed square matrix which components are obtained by
below equations:

[on]=[A] (49)
[A]r]=[c,] (50)
o |=[A - [B, I b i=23...3 (51)
e I, |=lc; bi=23...0-1 (52)
After substituting Equation (48) in Eq. (47) becomes,
LU =7 (53)
Let W definedas W =U o ¢ (54)
Then Eq. (53) turns into
LW =r ) . (55)
w,]
W, ]
Where W =| : [1<j<Jand thJare column matrices of order 7 x1. The element of W can be

)
determlned fro_m Eq. (%4) by the below relations.

0‘1 W] la JhN J [r J lB JhNHJ;ZS )= (56)
In the computation of &, Wj and Fj the step is generally indicated as forward sweep. When the element of

W has been found, Eq. (54) provides a result O in the reverse sweep, here the components are achieved under
the relations given below:

JH51J:ij—lrjjpmj’lﬁ j=Jd-1 (57)
These computations are replicated up till a certain criterion of convergence is fulfilled and then stop calculations
when

‘&fom‘ <g, (g <<0) (58)
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The current approach is unconditionally reliable, second-order consistency, and simple to program, making its
output extremely desirable. The adaption of the related initial guessing is one of the variables that alter the
consistency of the scheme. The consistency of the treatment depends on the right decision. Based on the
convergence requirements and fulfill the boundary constraints (14), the acceptable guesses for the initial
assumptions are:

f(7)=1+S—e",0(n)=e",4(n)=e" (59)
The present study consists of a uniform grid size A7 = 0.005 that gives four decimal places of precision in

most of the specified values as seen in the table with the error of tolerance 10 ™ in any situation.
4. Results and Discussion

The partial differential equations (2), (3), (5) and (8) along with the boundary conditions (9) are transformed
into a set of ordinary differential equations by using the similarity transformations (10). The converted Egs. (11)
to (13) subject to the constraints (14) are numerically solved by utilizing MATLAB software with the help of
Keller Box technique. In the present analysis, the following parameter values are adopted for computations: Gr
=Gc=1.0,S=n=Ha=0.5,Pr=0.72,Ec=0.3,Q=0.2, 8 = 0.5,a = %,y =1.5,Sc=0.3,R=J=0.5 Nt=Nb
= 0.3. Obtained results of the impact of variations in the values of different parameters on velocity, temperature,
and concentration profiles and their influence on skin friction coefficient, local Nusselt and Sherwood numbers
are described graphically.

First, in Figs. 2 to 4, the impact on velocity, temperature, and concentration distributions is shown respectively

by the Casson fluid parameter. In Fig. 2, the velocity has decreased by increasing 8. Enhancing  mechanically
allows fluid viscosity to rise so it is apparent that the increased viscosity outcomes in a smaller velocity.
Furthermore, from Figs. 3 and 4, it is found that the same increase in viscosity contributed to the enhances in the
temperature of the nanofluid and decrease in the concentration profiles.

1
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Fig. 2: Variation of B on Velocity Fig. 3: Variation of  on Temperature.

Fig. 5 indicates the impact of the angle of inclination on the velocity curves. It is known that the increased
values of a raise the effect in the velocity curves. The influence on the fluid temperature of the inclination is
given with the aid of Fig. 6. It is found that the temperature decreases with higher estimates of inclination.

Fig. 7 demonstrates the behavior of rising inclination values on the distribution of fluid concentration. It is found
that the concentrations decline as the angle of inclination rises. Fig. 8 demonstrates the velocity graph influences
of the Eckert number (Ec). Consequently, the surface velocity increases with increasing Eckert number. Fig. 9
elucidates the influence of the Ec on temperature. Due to heat applied by friction heating, Ec raises the wall
temperature. The impact of the Joule heating parameter on the velocity and temperature distributions is
presented in Figs. 10 and 11. It is initiate that the momentum and temperature curves are raises with the
enhancing values of Joule heating (J).
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Fig. 10: Variation of J on Velocity Fig. 11: Variation of J on Temperature.

Figs. 12-14 shows the influence of the mass transfer coefficient S (S>=0) on dimensionless velocity,
temperature and concentration. From Fig. 12, It shows the impact of the suction on fluid velocity, increasing
suction parameter S magnitude, which is observed to lower the velocity distribution. The temperature and
concentration distribution profile of the augmented suction parameter S is shown in Figs. 13 and 14. From these
figures, it is evident that with the inclusion of the suction parameter, the thickness of the thermal boundary layer
as well as the concentration declines.

1 1 -
S =0.0 -_— §$=0.0
§$=0.5 - §=0.5
s$=1.0 —_— 8 =1.0
0.8 S=1.5 0.8 [ —— 8§ =1.5 ]
0.6 b 0.6 b
G S
04 b 04 r b
0.2 B 0.2 - b
o ‘ . —— o . . . .
0 1 2 n 3 4 5 0 1 2 n 3 4 5
Fig.12: Variation of S on Velocity Fig. 13: Variation of S on Temperature.
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Fig. 14: Variation of S on Concentration Fig.15: Variation of Ha on Velocity.
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Figs. 15 and 16 demonstrates that higher magnetic variable Ha values lead to a greater thermal field and
thickness of the corresponding layer. Physically, as a result of the higher magnetic parameter that produces fluid
motion resistance and therefore transforms some valued energy into heat, the Lorentz force improves. This
results in an enhance in the temperature field.

The temperature curves are influenced by thermal radiation as shown in Fig. 17. The temperature has been
shown to raise with the radiation parameter R. This is compatible with the empirical observation that the thermal
boundary width rises as R increases. Fig. 18 shows the effects on the temperature curves of the heat source
factor. Since the parameter of the heat source in the system leads to heat generation, the temperature profile is
expected to rise as the heat source factor increases. The temperature profile behavior is evident in the figure.
with a difference in heat source factor. Fig. 19 displays the changes in the concentration when Brownian motion
factor Nb is changed. The thickness of the concentric limit layer decreases with the rising values of Nb. In
comparison, with the Nb values rising. the amount of the concentration gradient on a sheet surface increases.
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Fig. 16: Variation of Ha on Temperature. Fig.17: Variation of R on Temperature.
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Fig. 18: Variation of Q on Temperature Fig.19: Variation of Nb on Concentration

The rise of the thermal field and corresponding thickness layer for bigger Nt are clearly seen in Fig. 20. Heated
elements are drawn away from the hot area to the cool zone during thermophoresis. This is because the
temperature of the fluid is increasing. Fig. 21 indicates the reduction in concentration as the chemical reaction
factor y rises. This refers that the destructive reaction occurs in reductions in the area of concentration that fail

to yield buoyancy effects as a function of gradients of concentration. Fig. 22 demonstrates the influence of 'Ha'
in the occurrence of 'n' on the skin friction factor. It is understood that with the frequency of 'n’, the outward
drag force is enhanced as 'Ha' is enhancing. This was effectively induced by the Lorentz force and friction
parameter of the magnetic field on the stream path and the high flux pressure.

Fig. 23 also demonstrates the close relationship between the friction coefficient with S and . Skin friction
enhances with increasing the values of S in the existence of n. The basic relation between the local Nusselt and
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R in Fig. 24 is clear in the existence of n. The heat transmission rate mechanically is improved by R and n,

respectively, with the change of high heat molecular strength and high flow density. Likewise, the local number

of Nusselt has a close correlation to the Grand n in Fig. 25, with an increase of Gr the local Nusselt number

increases. Finally, the significant connection among local Sherwood number and v is seen in the occurrence of n

as depicted in Fig. 26. The effect is induced by an improved mass transfer rate when the chemical parameter is

changed.
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Fig. 26: Variation of y and n on local Sherwood number

Table 1 demonstrates the admirable relation between the current findings and the previously reported results for
the local Nusselt and Sherwood figures of Nadeem et al. (2014), lbrahim et al. (2017) and Liao (2011). The
consequence of many related parameters such as the quantity of skin friction, Table 2 presents local Nusselt and
local Sherwood number. Table 2 reveals that the coefficient of skin friction, rate of heat transfer, and mass
transfer drops with an enhanced Casson fluid parameter. This happens when viscous forces are dominated by the
flux of which Casson fluid values. Both the Skin friction factor and Nusselt number depreciate with J, Q and &
although the rate of mass transfer enhances. The enhanced values of J, Q and ¢ produces the low pressure and
intermolecular forces in the flow correspondingly. Nusselt and Sherwood number depreciate with Ha, whereas
the Skin friction coefficient accelerates. Skin friction coefficient boosts with Gc and reduce velocity with Gr,
while Sherwood number and Nusselt number accelerates with Gr and falls with Gc.

Table 1: Assessment of — 8'(0)and — ¢'(0) when Ge = Gr=Ha=Ec=S=R=Q=J=y=0a=0,Pr=Sc
=2.0,Nb=0.5and 2.

Nusselt number Sherwood number
-6'00) -4'(0)
N Nt ["Nadeem Nadeem | lorahim
Ibrahim et Liao Present Liao Present
et.al et.al et al.
al. (2017) | (2011) Study (2011) Study
(2014) (2014) (2017)
0.3 | 0.4520 0.452019 | 0.4533 | 0.452083 0.8402 0.840133 | 0.8395 | 0.841270
0.2
0.5 | 0.3987 0.399937 | 0.3999 | 0.398601 0.8059 0.805741 | 0.8048 | 0..807752
0.3 | 04271 0.427223 | 0.4282 | 0.427081 0.7791 0.779103 | 0.7785 | 0.781528
3.0
0.5 | 0.3775 0.377607 | 0.3786 | 0.377137 0.7390 0.738916 | 0.8323 | 0.743303
0.3 | 04216 0.421411 | 0.4277 | 0.421585 0.7660 0.766029 | 0.7654 | 0.768857
10
0.5 | 0.3728 0.373109 | 0.3739 | 0.372369 0.7248 0.724738 | 0.7238 | 0.729901
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1
Table 2: Numerical computations of skin friction coefficient —(1+—Jf”(0), local Nusselt number

_(14. ?j@’(O) and Sherwood number —¢'(O) for various values of Ha, S3,J,a,Q,Gr,Gcwhen

n=2Pr=07,R=0.,S=1.0,Sc=0.6,Nt = Nb =0.1, Ec =0.1and y =0.1.

4R , ,
Ha B J Q a Gr G —(1+£Jf”(0) {“?}9(0) -¢40)
s
01 1 05 o1 01 01 1.6678 0.2679 0.5338
0.5 1.8958 0.2618 0.5218
1 2.148 0.2531 0.5113
05 05 23178 0.2738 0.5387
1 1.8958 0.2618 0.5218
15 1.7334 0.2527 0.5159
0.5 23178 0.2738 0.5387
1 23126 0.0781 0.6437
15 23074 -0.1188 0.7494
0.2 23268 0.4997 0.4196
0 23213 0.3576 0.4946
0.2 23135 0.1775 0.5892
% 23178 0.2738 0.5387
% 2.3005 0.2739 0.5391
% 2.2988 0.2741 0.5397
0.1 23178 0.2738 0.5387
0.3 22105 0.2747 0.5441
0.5 2.1048 0.2751 0.5495
0.1 23178 0.2738 0.5387
0.3 24087 0.2726 0.534
0.5 25013 0.2709 0.5293

5. Conclusions

The present study investigates the numerical solution of thermal radiation and Joule heating impact on magneto
Casson Nanofluid with chemical reaction and heat source/sink on the inclined porous stretching surface. Keller
Box method has successfully been implemented to carry out a relative analysis Under the impact of various
physical conditions, the performance of dimensionless velocity, temperature, and concentration profiles are
discussed. The important observations of this report are outlined and detailed below:

Velocity and concentration profiles are diminishing with enhanced values of S.

e  Velocity enhances with an increase of a but to reverse the temperature and concentration.

e Anincreasing value of Ec and J, the result in velocity and temperature increases.

e  Temperature distribution enhances with an increase of Casson parameter .
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Velocity, Temperature and Concentration fields are decreases with the enhancing values of S.
Increasing values of Hartmann number Ha the Velocity curves rises.

Temperature increases when Ha, R, Q, and Nt raises.

With an increase of Nb and vy, the result in concentration is decreasing.

With enhanced values of Ha and n the skin friction enhances as well as the reverse effect occurs with
an increase of S and p.

o Nusselt number rises with an increase of Gr and R for changed values of n.

e  Mass transfer rate increase with the changed values of y and n.
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