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Abstract

Current work studies the Impacts of binary chemical reaction, Arrhenius activation energy, second-
order velocity slip, and solar radiation on Casson nanofluid induced by a stretching sheet. In the
boundary layer region, nanoparticles provide an enhancement in the heat transfer phenomena. The
equations obtained have been solved numerically using Galerkin weighted residual method (GWRM)
and Gauss-Laguerre formula. he consistency and effectiveness of the Galerkin weighted residual
method (GWRM) are confirmed by the residual errors. The obtained results were compared with those
found in the literature to validate our method. Velocity, temperature, and nanoparticle volume fraction
profiles are presented graphically and discussed. The results of the computation show that the effect
of thermophysical properties such as Solar radiation parameter, suction/injection parameter, magnetic
field parameter, and Eckert number on Skin friction coefficient (Cr) and local Nusselt number (N,) more
pronounced for Casson fluid when compare to the Newtonian fluid. The system stability at the molecular
level reduces for Magnetic field parameter (M), however, significant amplification is described for
Brinkman number, solar radiation parameter (N). understanding from the simulations are expected to
help in managing the reservoir assets and making a consistent estimate about the production of oil
and petroleum.

Keywords: Solar radiation; Galerkin weighted residual method; Entropy generation; Arrhenius activation energy,; and
Chemical reaction.

1. Introduction

Entropy generation is the quantity of disorderliness intensity when executing a basic con-
ventional heat transfer. the second law has been utilized in different flow problems as well as
the thermal system. The work of Bejan [] is the fundamental study of entropy generation in
fluid temperature. The study established the importance of temperature for entropy produc-
tion through convectional heat transfer. Abolbashari et al. [21 presented a numerical investi-
gation of entropy generation CF flow in a stretching surface. It was observed that the non-
Newtonian Casson parameter boosts the entropy Generation number. Aziz et al. [31 studied a
rectangular enclosure of CF with thermal radiation effect and chemical reaction. They reported
that the entropy production intensifies while increasing the rheological parameter. Recently,
Abd El-Aziz at al. *] presented a second law analysis of MHD CF flow on a Stretching Sheet
with a velocity slip. Their results revealed that the Casson parameter increases the heat trans-
fer wall. Besides, Odesnya et al. [51 studied the possibility of entropy reduction generated in
a viscous convection cooling system.

Solar radiation is one the best in sources of renewable energy with depressing environmen-
tal effect [6], Solar radiation is the sum of energy which are released through the solar energy
such as solar thermal energy. the study of radiative effect has become important due to the
widespread in scientific and environmental processes such as heating, solar power technology,
and electrical power generation where more details can be found in a review by [71. Moreover,
Turkyilmazoglu 81 studied the effect of thermal radiation on unsteady hydromagnetic perme-
able walls with variable viscosity. Their results revealed that the thermal radiation parameter
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increased the temperature profile. Khan et al. [°1 discusses the thermal radiation effect of
viscous incompressible fluid flow with convective heating. Their results showed that the radi-
ative parameter increases the temperature profile. Akhter et al. [191 discussed the effect of
thermal radiation on Mhd natural convection boundary layer flow. Mondal et al. [*11 considered
the influence of thermal radiation on MHD asymmetric stagnant-point flow,

Casson fluid (CF) has received significant attention in numerous branches of many areas of
science, engineering, and food processing [*21, Typical examples of common commodities ex-
hibiting CF properties include oil, honey, jelly, and paints. CF model was first established by
Casson [131, The study establishes the prediction flow of pigment-oil suspension. Casson fluid
is classified as a non-Newtonian fluid that exhibits shear thinning, yield stress, and high shear
viscosity [151, At low shear strain, it behaves like an elastic solid, while at above a critical yield
stress it behaves like a Newtonian fluid [*6], Some common fluids that exhibit Casson fluid
characteristics include jelly, blood, tomato paste, concentrated fruit juices, and shampoo [17],
[18]1 reported CF flow of hydromagnetic and thermal convection heat transfer in a stretched
permeable surface. The authors affirmed that the enhancement in the non-Newtonian Casson
parameter reduces the yield stress of the fluid flow and increases the fluid temperature. Shaw
et al. 1201 have studied Hydromagnetic Radiative CF flow through a vertical plate entrenched
in a porous medium. Their results exhibited that the Casson parameter increases the fluid flow
and decreases the temperature profile. Obalalu et al. [?!] reported a numerical simulation of
CF flow of Non-linear thermal convection with convective boundary conditions. The authors
demonstrated that the velocity profile increases with the rheological parameter. Gireesha et
al. 1221 showed that the Newtonian fluid model reduced to non-Newtonian fluid especially when
the wall stress is higher than the yield stress. Recently, Pop et al. [23]1 presented the thermal
radiation effect on non-Newtonian CF in an enclosed space. The authors concluded that the
rheological parameter enhances the fluid temperature. Gbadeyan et al. [2*1 employed a nu-
merical method Galerkin method to investigate the hydromagnetic flow of a CF in the existence
of a non-Darcian porous medium with variable thermal conductivity and viscosity effect. Their
outcomes showed that the rheological parameter enhanced both the velocity and temperature
profile.

Electrically conducting heat and mass carrier fluids which include water, mineral oil, eth-
ylene glycol, etc. are important in research due to their applications in industry and engineer-
ing for industrial coolant, brake fluid, car radiator coolant, MHD generator, electronic voice
coil cooling, nano-drug delivery, cancer therapy and so on [40-44]1_ However, these fluids have
low thermophysical properties which obstruct their applications in the stated fields. Thermo-
physical properties of these fluids can be enhanced by adding ultrafine nanoparticles (usually
made from metal or metallic oxide) into such fluids to have what is known as nanofluids.
Nanofluids are found to possess higher thermal conductivity, boiling, and convective heat
transfer performances compared to the conventional base fluid. Electrically conducting
nanofluid can be manipulated using a magnetic field for diverse applications. These include
wound treatment, gastric medication, sterilized devices, etc. [?51, Furthermore, magnetic na-
noparticle-based bio-suspension have been reportedly used in magnetic resonance imaging
(MRI), Hyperthermia, magnetic drug targeting (MDT), and tissue engineering (TE) [28],

Due to the various applications of nanofluids, researchers have been working on diverse
ways to manufacture nanofluids. Jung et al. [271 investigated heat transfer and flow behaviors
of TiO2 nanofluid flowing upward in a vertical pipe. It was observed that the nanoparticle
suspension enhanced fluid thermal conductivity. It was also found that the effective thermal
conductivity of nanofluid for the smaller size of nanoparticles is larger than that of the bigger
size at a given concentration. The heat transfer and laminar flow behaviors of Al2O3-water
nanofluid in rectangular microchannels were experimentally studied by [28], They discovered
that the suspension of 1.8 percent nanoparticle concentration in nanofluid improved the heat
transfer coefficient by 32 percent compared with water. Additional research works on nanofluid
can also be found in [29-31],

Chemical reactions are highly important in chemical processing industries to transform
cheap raw materials into high-value products. This can be achieved through a reactor that
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brings reactants into close contact by providing suitable temperature and concentration fields
for the duration of the process [32], Boundary-layer flow involving binary mixture was first
studied by Bestman [33], The method used was the perturbation method and the effect of
activation energy was examined.

In several fields of engineering, many researchers have solved various boundary element
method (BEM) to establish the essential resolution to yield meaningful outcomes, such as the
Homotopy Analysis Methods [17-19]1 Differential transformation method [20-221 | gplace trans-
form [23], Galerkin weighted residual method (GWRM) [24-25]1 | attice Boltzmann techniques [2€], for
symbolic programming codes, MATHEMATICA symbolic package [271, Maple Software [28], the
algorithmic tools produce a reasonable framework for the fluid dynamitists with a magnificent
multi-faceted method to predict a various array of nanofluid engineering problems.

Our review of the literature shows that while several methods including the weighted re-
sidual method been employed in the boundary layer of MHD Casson nanofluid flow, Arrhenius
activation energy, and chemical reaction effects have not hitherto been investigated in the
Galerkin weighted residual method (GWRM) and Gauss-Laguerre formula. thus, in this pre-
sented work, the distribution of the velocity fluid, heat transfer, Bejan nhumber, and irreversi-
bility rate over a shrinking, static, and stretching sheet was uplifted by the second law of
thermodynamics. A model built on Galerkin weighted residual method was used to evaluate
the heat and mass transfer in boundary layer Casson nanofluid flow with variable viscosity
and thermal conductivity effect is presented, with the introduction of solar radiation term.
motivated via the deficiency of investigation in this path “i.e.” (the investigation that will yield
correct outcomes and carryout well when the shear rate is not sufficiently low) despite its
applications in science and technology.

2. Mathematical analysis

Consider a two-dimension incompressible Casson nanofluid of viscous electrically conduct-
ing extending directly over a stretching surface with the effect of Convective heating and
velocity slip boundary conditions in a non-Darican porous medium as an exhibit in Fig 1. The
fluid movement is laminar natural convective flow and steady. the contemporaneous result is
conferred for velocity slips. it is assumed that the stretching sheet has a constant temperature
and nanoparticle concentration T, and C,, respectively, the magnetic fluid B, is fixed in a per-
pendicular path to the velocity flow.

Non-Darcian porous medium

T'=T.C=C.

Permeable streiching rheet

Figure la. Schematic depiction of the problem [21]
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The rheological equation of an isotropic and incompressible flow of CF can be written as
equation (1) [14],

P (1)
— y
Ty = 2 (uB + E) ejjwhent > T, ]
P,
Ty = 2 (uB + \/ﬁ) ejjwhent < T,
P, is the fluid yield stress of liquid and can expressed mathematically as
B, = B
Where
P (3)
Hf = Up N
by substituting equation (2) into equation (3), the kinematic viscosity can be obtained as
1
ve="2(1 +3 (4)
B is the Casson parameter and the modified governing equations [21] are continuity Equation
ou av _ 0 (5)
FE3 ay
Momentum equation
ou ov dU, uB 0% Oop2er) _ b* _ — (6)
_ — =K 1 _YV5 ) 2 _ K 2y _ 2 _ K 2
et Tgs = KO 5 = pf( B)ay SR~ (KUY — - @ =~ (<))
HUp 1 =
2L [(1 = CIT = Tdprao = (bp = 1) (€ = €] = o (14 2) @ = KT)
Ps Prkp B
Energy Equation
_dT T 92T dCOT Dy (0T\* 1\ pp (0T\° 1 9g, (7)
u—_+v—_=aT2 B +— < ) (1+—> <—_>
3] ay ay ay ay To \OY B/ pgc, \0y pfcp ay
—2 b* —3 2
+ (1 + —) u + u +q"
B (pcp)f(kp)o (kp)o(cp)f ( Cp)
Mass conversation
_ac+ ac DOC+DT6T Kr(C - C)(T)m—_ga (8)
—_— _— = K
Uz TV = eyt a5z KT »\1.) ¢
Entropy generation
1601T3 1 om\* 07\’ Oomz ., (9)
Ng = H ] w1+ﬁ)+[<ﬁ) +<— t w? +u?)

dy w
2 09\’ RD[/0u\*> (07
G G 26 G [ HE)
The corresponding boundary conditions are
u = A, (%) + Ugip, v = v, T =T, C =Cy,aty =0 (10)
{ u—->0T->T,C—>CsraSy - o

_Ea
The term (Tl)meK_T in eq. (8) denotes the modified Arrhenius function in which k=

0

8.61 x 10~°eV/K represents Boltzmann constant, m is the unitless exponent fitted rate constant
(-1<m< 1) and E, is the activation energy
The non-uniform heat source (or sink) ¢"”’ can be defined as [14]

q" =52V [O(T = T,)) + Q" (Tyy — T.0)e"] (11)

2Voo X
Here heat generation is equivalentto Q > 0, Q* > 0 also heat absorption is equivalent to
Q>0,Q*>0.
The Second-order velocity slip used is given as [46]
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_ g 1 ou 9%u (12)
Ty = o2 (14 5) [0 35+ (N ]

where (N,), < 0 is the second-order velocity slip constant factor and (N;), > 0 is the first order

velocity slip constant factor. were introduced into Egs.(9) — (12) to obtain a set of ordinary

nonlinear differential equations

Y oy (13)
u= E and v = ~ax
were introduced into Egs. (1) — (6) to obtain the following dimensionless equations
o 92 oy 02 23 a a b*L (0 14
L R (S o
dy 0xdy  0x 0y? B/ dy3 dy B/ ay (k )
apoe  apae _ 1 aze 20 0 U2 0°W)* | kool (15)
ayox oxay a2 TNDG 5, TNE (ay) + (Cp) (Tw=Teo) (1 + B) (ayz) Voo x [T =Teo) +

N _ —n b*UZL Y GB3U,L Wy VUL oy
Q" (Tw — Tw)t ](cp) (kp) o (Tw=Teo) (ay) +pf(cp)f<rw—roo) (ay) +(Cp)f(kp)o(Tw—Teo>(1+s) (631) '

Y ad ayab 9% . Nt 920 .2 m £ __ 16
5655—5c55=ﬁ+ﬁ0—2—5c0 ((Tr —1)0+ 1) elr—no+ (16)
( )(flz + Re f”2)+Mpr(f+Ref’2)+l( )gl(n) +¢/(n) (17)

W|th boundary conditions

oy _ (N ovre 0*y  (Ny)oRe 63111 (18)
3y }‘+p_f(1+ﬁ)< L »Z 12 oy
allJ _ vw Re _ _ _
I U, ,0=1,b=1aty=0
oy

$ﬁ0,9ﬁ0,¢—>0a5y—>oo
The following non-dimensional quantities were introduced:
* % _ (pCp) k —_ U,x
=y =xf(),6=6(),¢=d),b* = B)x T Ja=peyv=t2(14) ,m, =2 x =

( Cp)f (pcp)f Pt T
E’yzy\/R_e’uzl’v:U Re’ez T—Too 'q)_ C—Coo PY'_— Nb—M,SC:L,O'*—E,M:
L L Uy Uy Tw—Too Cw—Coo’ v Dp Uy
oBSL . _ Egq WL _ Uy G )0 _ (N1)obp e _
ppUr T T KT ! p= Ur(kp)o'EC  (Cp) f(Tw=Teo) ' Fs= (kp), 8, = (>0),8, =
(N2)oupRe v “wyRe
Yy (<0),Ss= o,
( )flll +fllf fIZ fl _ Pp (1 +l)fl _ FSfIZ — 0 (19)
1
e” +f0' + NbO'¢' + Nt0"? + Ec (1 + B) f"*+EcMf'? + +EcPp (1 + B> f'? EcFsf*=0 (20)
¢ + 9" +Scfd' — Sca” o((Tr — 1) + 1) e(TT—_1)9+1 =0 (21)
5 en ’ 7 MP ’ '
No = Z2=Re(1 +N)(62 + 97 + 2 (1+2) (£ + Ref ") + "2 (£ + Ref ™) +4(5) 6'(a) + (22)
¢>’(n)
with the corresponding boundary conditions
(23)

FO = 5,©) =2+ (14 5) (5£(0) + 87(©)),000) = 1,6(0) = 1

f'(0) = 0,6(0) > 0, () = 0
Other quantities of concern are the Bejan nhumber, Nusselt number and Sherwood number
which can be given as
.+ R(DT)?2 27, -x (0T -x /dC (24)
o = me Yr = o N = (ay)H and Shy = 7= (ay>y:0
Using the similarity and dimensionless, we get
N;_Re(1 + N)(6?% + ¢?) ,
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__ Br

Ny = 5 (142) (F2 + Ref"®) + 522 (F + Ref*)+4(5) ') + ¢’ ()

Nur = Re_%Nu; = —0'(0) and Shr = Re_%Shy =—¢'(0)

2.1. Application of weighted residual method
Applying the weighted residual method, we take the trial solutions for equ (18), (19) and (20),
£ = Kn + Sl a5, 607) = Sy bie”vandg(n) = Xty cie”s (25)
f(0)=0, f/(0)=1+a(l+ %)f”(O), 6(0) =1+ b6’(0) and ¢(0) = 1 + c¢'(0) (26)

chosen n =12, then Putin equ (32) into the boundary conditions.

ag+a,+a,+az+a,+as+ag+a,+ag+ag+a,+a,+a,=0 (27)

ay N a, N 9a, ta it 25a; 4 9a, N 49a, +aq + 81a, N 25a4, 4 121a44 +9 1 41
Tetat16 T4 16 72 T716 T4t 45 T3 16 t2)a(p + 1)~ ay

b b 3b 5b 3b 5b 7b 9b 11b
_b(__l_b —2b. —3b 2 6 10 3 5 7 9 11
4 4 8 12

T2 2 2 a4 a a4
b5+b6+b7+b8+b9+b10+b11+b12_1=O
C1 5 3 ¢ 3cg 5c19 3c3 5¢5 7c; 9y 1lcyy (29)
A
equ(21) satisfied automatically. Using equ (32) into equ (18), (19) and (20)lead to residuals

1 1.1 1 1 n 3 3 _ 5 _sm 3 3 7 7 (30)
szﬁ((1+ﬁ)(ze 1a, +-e 2a2+Ze ‘aste ’7a4+Ze 4a5+§e 2a6+Ze 4ay

) +by + b, + b + b, + (28)

2

_2n 9 o 5 _5n 11 _11p _3n
+ 2e a8+Ze 4a9+ze 2a10+76 4 ay1 + 3e a;z) + (1

1 1 n 1 n 27 3 _ 125 _5n 27 3
+ﬁ)(—a€ tay—gela, — e hag —eTla, — e has — e 2ag
343 _mm 729 _9m 125 _sn 1331 _11n

—ae'7a7—8e‘2”a8—ae 4a9—Te 2.a4, 6—46 4 a;
1 _n 3 _3n

1 1 n n _3n B

—27e‘3"a12)+m(21(—2(1(—ze tay —ge2a, —getaz—e "a,
5 _5n 3 3

_Ze 4a5_ze 2a6

7 . 9 o 5 s 11 _11n s 5 n
—7° ‘a, —2e ”ag—ze 4a9—§e 2a10—7e 4 a;, —3e"May,)  +3(Kn+ay+e 2ay
_n _3n _ _5n _3n _m 5 o
+e2a,+e 4az;+ea,+e tagte 2a5+e 4a;,+e agte 4a
_5 1ipg 3 1 n 1 n 9 3
+e 2ate 4a,+e” "alz)(Ee 4a1+Ze 2qa, +1—6€ ia;+ea,
+25 _51 +9 _3717 +49 _m + 4e-2 +81 o +25 _52_71
—e 4as+-e 2a5+-—e 4a e “lag+-—e 4as+—e 2a
16 g ® " 16 7 ® 16 ! 10
121 _11y i , 1 1 1 .1 3 3
+1—6€ 4 ay, +9°"ay, +4M(K —(K—Ze 4a1—ze ZaZ—Ze 4a,
- 5 _5n 3 3 7 7 5 9 9 5 _sn
—e ’7a4—Ze 4a5—Ee 2a6—Ze ‘a, —2e “Tag——e 4a9—§e 2 a9
11 _119 3 ) ) 1 n 1 n 3 31
-7 4 ay, —3e"Mag,)%) + 4a(K —(K—Ze 4a1—Ee ZaZ—Ze 4a,
- 5 _sm 3 3 7 7 5 9 9 5 _sn
—e ’7a4—ze 4a5—§e ZaG—Ze ‘a, —2e ”as—ze 4a9—ze 2 a9
11 _11n 5 _n _n _3n _5n
- Te 4 a11 - 39_3170,12) )) + e 4’b1 + e sz + e 4 b3 + e_nb4_ + e 4 b5

_3n _7n o _sn _lin 1
+e 2bgt+e 2b,+e by t+e abyt+e 2byy+e % by +e3"b;, — Nr(e 4c
o I 51 _3n 7 ., o 5
+e2c,+e 4 +e ey, te deste 2¢cgte 4o, e gt e dcgte 2cq

11n

+e7 4 ¢y + e 3cyy),
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1.,1 1 1 _n 9 _31 25 _51 _3n 49 _T0 (31)
Ry =EcPr(1+=>)(—e 2a;+-e za,+—e 2a;+e "a,+=—e 2ase za,+—e 2a, +
0 ( Bl)(lﬁ 1T 2T 3 4T 5 6T ¢ 7
In 5n 11n n n 3n
_ 81 1L 25 21 121 ——1 _ 1 1 1 1 =1
4e Mgy t—e dtagt e zat e +ay e 37’¢112)2+Nt(—ze by — e zb, — e by —

51 3n n 9n 51 117
— 5 21 3 = 7 A — 9 1 5 =21 11 =1
e nb4_ze 4b5—56 2b6_ze 4b7—26 ang_ze 4b9_ze Zblo_re 4’b11_
- 1 1 1 1 9 _3m _ 25 51 9 _31 49 7 -
36 3”b12)2+ge 4’b1 +Ze 2b2 +Ee 4b3+€ T’b4 +Ee 4b5 +Ze 2b6 +Ee 4b7+4’e 21}b8+

o1 25 _51 121 111 3 3 _n _n 3 _
e 4b9+7e 2b10+Ie 4 by, + 9e ”b12+Z(K77+a0+e ia, +ez2a,+e 2a;+e a, +

_sn _an _m , _on _sn _11n s 1 n

e sag+e zag+e +a,+e “ag+e 2a9+e zag+e +a,;+e "012)(—16 4b, —

1 1 3 _3m _ 5 _51 3 _3m 7 _m _ 9 5 _51

e ZbZ—Ze ab; —e ’7b4—ze 4b5—ze st—;e 4+ b, — 2e 2'7b8—ze 4b9—ze 2 by —

11 _11n

-3 1 1 1 1 9 _31 _ 25 51 9 _31
Te 4 b11_3€ nb12+ ((_e 4b1 +Ze sz +Ee 4b3+e nb4+Ee 4b5 +Ze 2b6+

4
7n 3R§3{717 16 51 117 n n 3n
Ze b, +4e by +xe abyg+ e 2 by + e 4 by + ((tr— 1)(e by + e 2by + e T4 by +
_ _s1 _3n _m i _sn _a1m _3 ;
e by +e sbs+e zbg+e ab,+e “bg+bye 2bjy+e 4 by +e b))+ 1)° 4+ 3(tr —
1 0 1 _n 3 _31 _ 5 _51 3 _31 7 _™ 2 9 _9m
D(=ge *by —5ezb, — e 4 bze ”b4—ze 4bs —Ze 2bs — e +b; —2e ”bg—ze 4 by —

5 S5m0 oqp _m _3p 2 _n _n _3n —n _5n 7
e waje 4 by; —3e™°"by,)*((tr — 1)(e +by + e 2b, +e 4by;+e by +e +bs+e 4b, +

2 _om _5n _lim _3 2 1 _n 3 _3n _
e le8+€ 4b9+€ 2b10+€ 4b11+€ nb12)+1))+Nb(_Ze sz_ze 4b3_enb4_

51 37 7n 57 11n

5 20 3 20 7 95 21 11 =1

e 4bs—=e 2b,—-e 4b —Ze'Z"b —-Ze zbjg——e 4 by —
4 5 2 6 4 7 8 42 10 4 11

Ry =ZLe(—che'Z—Ecze'f—Zc3e'T—c4e"’—che 4 ——cge 2
9 am 5 s 11 117

21 — _Ln _ _n
_2C8e_2n_ZC96 T ooce z —oge —3ce73 M) (a e

3 1 n 1 n 3 37 5 smm 3 3n 7 7 (32)
2

_n _3n _5n _3n _n 2
+ae 2+aze 4 +ae"+ase 4 +age 2 +aze 4 +age "
_on _sn _11y ; Nt 1
+age 4 +ape 2 +aj e ¢ +ae” ’7+a0+r)K)+N—b(1—6ble 4
1 7 9 _3n 25 sm 9  3m 49 7
+sze 2+1—6b3e 4 + bue ’7+Ebse 4 +Zb66 2 +1—6b7e 4
am 25 _sn 121 117

81 o _
+4bge'2"+1—6bge # 4 bioe2 +1—6blle 4 +9by,e”3M)

+1 _g+1 —%_,_9 _3_n+ _n+25 _5_n+9 _3771
I 4 — —_ 4 —_— 4 —
16C1€ 4C2€ 16c3e cue 16 cse 4C6€

7 81 o 25 57 121 11

+1—6€7e_T+4cge'2'7 +1—6cge_4 + 7 C10€ 7+1—6clle_T

+ 9¢,e73M,
Utilize the Galerkin method via putting the integral of the result of residuals and the
13
weighting functions e‘Tn, fori=0,1,2,...,10 to zero, we have
[ Re%dn = 0, [ Rge™%dn = Oand [* Rye™4dn = (33)
, Rre7+dn =0, [ Rge +dn=0and [ Rge +dn =0,

We have 37 nonlinear equations through equations (34) — (36). Setting the following val-
ues of parameters Ec =0.01,Le =5,Nr=1,Nb =0.1,Nt=0.1, Pr=6.8, a=0.1, b =0.1, ¢ = 0.1,
K=1,Da=10, a=01 N=15 Tr=2, =05 M =0.5 and 1 =-0.5
we obtain the values of constants a;, bi and ¢ through the assist of MATHEMATICA symbolic package.

ay = —2.12187,a, = —0.0163122,a, = 0.490342,a; = 6.03219,a, = —17.987, (34)
as = 50.0422,a, = —168.838,a, = 445.916,a5 = —714.239,a, = 677.765,

a,, = —374.375,a,; = 110.713,a,, = —13.3812,b; = —0.0123395,b, = 1.38074,

bs = —41.8527,b, = 554.722,bs = —3873.29, b, = 15612.8, b, = —38284.9,

bg = 59291.5,by = —58557.1, by, = 35886.8,b,; = —12471.7,b,, = 188247,

¢, = —0.0134059, ¢, = 1.43805, c; = —44.0556,c, = 611.46,c5 = —4609.9,

ce = 20693.8,c, = —58122.4,c5 = 104560.,cy = —120206.,¢;, = 85331.1,

€11 = —34062.7,¢,, = 5849.05
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2.2. The Gauss-Laguerre formula
Now we apply Gauss-Laguerre formula, Subsequently the sphere ranges from 0 < & < «) [211;
[ e F)dx = Bioy Af O) + 28 FOM(E). (35)
Given that i
f " e (0 dx ~ Z Af(x),
0 =1

We obtain the the coefficients 4 as [21]
_ 1 wan(x)e‘x p (n!)? (37)
L’n(xk) 0

(36)

X = 7 )
X = Xk x5 (L5 (k)2
Then x, remain the zeroes of the nt" Laguerre pollynomial
n

Ay
_ - (38)
L, = exm(e *x™)

Taken n = 10, for instance, Table 1 displays the values of x, and coefficients values of 4,.
Finally, MATHEMATICAL software was used to compute the unknown coefficients.

Table 1. Arguments x;, and coefficients 4,

Xk

Ay

0.137793470540492
0.729454549503171
1.808342901740317
3.401433697854960
5.552496140063418
8.330152746764144
11.843785837899944

0.308441115765020
0.401119929155277
0.218068287611810
0.062087456098682
0.009501516975185
0.000753008388591
0.000028259233496

4.249313985004240% 1077
1.839564823966167x 10~°
9.911827219610436x 10713

16.279257831377613
21.996585811980830
29.920697012273720

3. Result and discussion

The numerical solutions to the formulated problems discussed in the previous sections are
examined. Figure 2 to Figure 5 illustrate the effect of the following values of the parameters
Sc=5Pr=68Tr=2m=05A=1ua=0.168,=-05,5 =0, Nt =0.01,Nb=0.01,Pp=0.1,8, =
0.1, =0.5,M = 0.5,06* = 0.1 and E = 0.1 are default values used in this study and the parameters
remain fixed throughout the research unless otherwise stated. Table 2 and Table 3 display the
non-Newtonian CF and Newtonian fluid (B = «) for local Nusselt nhumber and skin friction co-
efficient, with various values of M, S, N, and Ec respectively. For both cases of hon-Newtonian
CF and Newtonian fluid (B = «), it is found that the magnetic field parameter (M) rises with
the value of the Nusselt-number Nu;z Whereas, the magnetic field parameter reduces the Skin
friction coefficient in both cases. It was found that the magnetic field tends to oppose the
damping force. From Table 2 and Table 3, the viscous dissipation in term of Eckert number
enhances Skin friction coefficient ¢; and reduce the magnitude of Nusselt-number Nuz. The
values of the Skin friction coefficient C; and Nusselt-number Nuzincrease gradually for rising
values of suction/injection parameter for both cases. Also, we observed the suction/injection
parameter moves smoothly towards the direction of the wall temperature [*°] presented in
Table 3 and Table 4. Besides, both the magnitude of Skin friction coefficient ¢, and local
Nusselt number Nu values increses with incresing thermal radiation parameter. As expected,
the thermal radiation increases gradually with the high temperature in the channel walls [°],
Finally, the impact of Non-Newtonian CF on the Skin friction coefficient ¢; and Nusselt-number

Nuz are very noticeable when compared to the Newtonian fluid. CF acquires high shearing
within the fluid channel as the case with blood models [26], likewise, Casson liquid fluid en-
hances the heat transfer rate to generate vasodilation [41, 4 exhibit the comparison of current
studies and previously published results. ([Uddin et al. [*°1] and Bejan [26] for Pr when K =
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Nr=Ec=M=a=0,Nt=Nb—->0,A=a=b=c=0,Da=N = - « an excellent agreement can
be observed. Skin friction coefficient C; and Nusselt number (Nu).

Table 2. Computed numerical values of Skin friction coefficient C; and Nusselt number Nuzwhen
R,Ec,M, S,e =0.1, Pr =0.71, G = 1 Casson liquid fluid=1.5

Skin-friction co-  Nusselt-number

M S Ee R efficient C; Nuz
4.0 0.6 0.3 0.2 0.481466 1.56967
5.0 0.6 0.3 0.2 0.531545 1.48331
6.0 0.6 0.3 0.2 0.559841 1.39887
4.0 0.3 0.3 0.2 0.278461 1.54178
4.0 0.9 0.3 0.2 0.669694 1.62189
4.0 1.5 0.3 0.2 0.765255 1.69619
4.0 0.6 0.0 0.2 0.490456 1.79518
4.0 0.6 0.6 0.2 0.490456 0.99749
4.0 0.6 1.5 0.2 0.490456 0.39923
4.0 0.6 0.3 0.0 0.811848 0.94631
4.0 0.6 0.3 0.5 0.236111 1.24429
4.0 0.6 0.3 0.9 0.173479 1.69884

Table 3. Numerical values of Skin friction coefficient C; and Nusselt number Nu for different values of:
M, S, R, Ec,e=0.1, Pr =0.71, G = 1 Newtonian Fluid=oo

Skin friction coefficient Nusselt number

M S Ec N c Nug
4.0 0.6 0.3 0.2 0.355176 1.46888
5.0 0.6 0.3 0.2 0.389367 1.36241
6.0 0.6 0.3 0.2 0.416519 1.26479
4.0 0.3 0.3 0.2 0.219918 1.43813
4.0 0.9 0.3 0.2 0.459863 1.53328
4.0 15 0.3 0.2 0.496965 1.61746
4.0 0.6 0.0 0.2 0.355178 1.67722
4.0 0.6 0.6 0.2 0.355178 0.95688
4.0 0.6 1.5 0.2 0.355101 0.43331
4.0 0.6 0.3 0.0 0.447734 0.96908
4.0 0.6 0.3 0.5 0.231347 1.23333
4.0 0.6 0.3 0.9 0.183491 1.56629

Table 4. Validation of reduced wall heat transfer rate (—0’(0)) for different values of Pr when K = Nr =
Ec=M=a=0Nt=Nb—-0,A=a=b=c=0Da=N=f->

Pr  Present study Uddin et al. [*91 Bejan, [26]

0.01 0.1824 0.180 0.162
07.2 0.38737 0.387 0.387
1 0.40103 0.401 0.401
2 0.42601 0.426 0.426
10 0.46498 0.464 0.465
100 0.48932 0.489 0.490
1000 0.49521 0.497 0.499

Figure 1b. Display the graph of the residual functions R(n). It was found that the residuals
are minimized in the domain (0 to ). Figure 2(a, b, c,d) displayed the impacts of porosity first
and second-order velocity slip parameters (Pp, §; and §,) on Casson flow velocity, temperature
profile. Higher values of porosity parameter (Pp) lessening the Casson flow velocity (see
Fig.2a) and elevating temperature profiles. These outcomes are perhaps as a result of to
porosity parameter (Pp) being inversely proportional to fluid permeability (kp). mounting po-
rosity parameter, the porosity parameter enhances the resistance of Casson nanofluid to flow
and leads to retardation. The fluid temperature increases since the flow is slightly stagnated
and allow more heat to conducted to the fluid. Also, enhancement in the first-order slip
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parameter elevates the fluid temperature (see Figure 2b.) These phenomena are for the rea-
son that not all the dragging force from the stretching sheet can be spread to the Casson nanofluid

[28],
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Figure 1(b, c). Minimized residual error R(n) and impact of viscosity parameter on (f'(n))
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Figure 2. Impact of (a, b, ¢, and d) porosity, first, and second-order velocity slip parameters on fluid
flow, temperature profile.
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Figure 2(c,d) demonstrate the effect of second-order slip and wall transpiration (suction/in-
jection) parameters (6, and S) on fluid velocity, temperature profile, It is observed that the
fluid flow is reduced and the temperature profile. As the second-order slip parameter in-
creases for both wall injection (S < 0) and suction (S > 0). Also, the fluid velocity profile in-
creases with injection while it decreases with suction. The opposite is the case for both tem-
perature and nanoparticle volume fraction profiles. Comparable outcomes are found by [21],

a b
e ——— A=-05N=2 ]
i A=0N=2 A=-0.5N=2
A=0.5N=2 A=0 N=2
B O, 0 A=-05N=10 | ) A=05N=2 |
> 1 - = =« A=0 N=10 e YNNG NIV e A=-0.5N=10
— — A=05N=10 - - = . A=2N=10
L — = A=0.5N=10
2 4 B 4 :
C d
. e T T A3
- /7 " : 8 | ‘\" ......... a3
2 /r’ \\\ e = dind
4 //,j. \\V\' — — N=2
al ,f ---------- N=0.5 < \\\
/’I - - - N=1 \\‘ 3
‘Ar,' - = N=2 e E \‘;'
/_/." NN

Figure 3(a, b, ¢, d). Effect of solar radiation parameter on (6'(n)), (6(n)), (N;), and (Be)

It was found that an increase in solar radiation parameter enhances the absorbing rate (k)
which decreases the fluid velocity ad temperature profile. Consequently, the thermal radiation
parameter describes exactly the related additional conduction to thermal radiation [*5] as dis-
played in Figure 3b. Figure 3c shown the effect of thermal radiation parameter on the entropy
generation. The entropy production rate reduces at the boundary layer thickness with an in-
creasing solar radiation parameter. The thermal radiation parameter accelerates the entropy
generation, which causes an enhancement in the entropy production. Figure 3d demonstrated
the effect of the radiative parameter on Bejan number profile. At the wall, the solar radiation
parameter reduces the Bejan number profile. The existence of thermodynamics irreversibility
dominates the heat transfer entropy production.

Figure 4(a, b). exhibit that the fluid flow slows down as the Casson and Magnetic field
parameters (B and M) increases. This can be ascribed to the existence of Lorentz force which
serves as a resisting force to the fluid flow. Hence, it slows down the fluid velocity, meanwhile
its propensity to suppresses and decelerate the CF motion [25], The impact of increasing mag-
netic field parameters is noticeably accelerated by the fluid temperature within the boundary
layer. Because the existence of ohmic heating acts as an additional source of heat to the fluid
temperature. The figure shows the impact of the CF parameter on the velocity profile. It is
found that an increase in CF parameter contributes to an improvement in the fluid flow. Log-
ically, the Casson rheological was used as a fluid by plastic dynamic viscosity which has a
powerful reaction on yield stress [16], However, as Casson rheological near infinity, the fluid
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flow increases extremely. Figure 4(c, d). presents the impact of the magnetic field parameter
on the entropy generation. The influence of the magnetic field parameter on entropy genera-
tion weaker the wall at the boundary layer, furthermore the magnetic field parameter strongly
reduces the system stability at the molecular level. For the case of Bejan number, it was found
that the magnetic field parameter elevates the Bejan number profile. Also, the Bejan number
strongly increased at the boundary layer thickness.
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Figure 4(a, b, c, d). Effect of Casson parameter and Magnetic parameter on (6'(n)), (6(n)) , (N¢), and
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Figure 5(a, b). Effect of chemical reaction and activation energy parameters (¢*andE) On ¢(n)

The influence of chemical reaction and activation energy parameters (¢*andE) on the nano-
particle volume fraction profile presented in Figure 5(a, b). It is found from the last term of
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—-E
Eqg. (16) that the term Sco*z((Tr —-1)6+ 1)me<Tr—1)9+1 is increased as ¢* elevated. This leads to a
decrease in the nanoparticle volume fraction profile. Furthermore, nanoparticle volume frac-
tion profile is increased with increasing activation energy parameter (E) as it is observed in
Fig. 16. Activation energy is known as the energy that must be overcome before a chemical
reaction can occur. To have a reasonable chemical reaction, there must be an appreciable
number of molecules with energy equal to or greater than the activation energy. An increase

-E
in activation energy parameter (E) results to a decrease in Sca*z((Tr - 16+ 1)me<Tr-1>9+1 which
later leads to an increase in the nanoparticle volume fraction profile.

---------- Nt=01 = = = « Nt=0.3 — =— Nt=05
 NE=0.1 — N=0.3  m— =05

R

[=]

MNur

Ec Pp
Figure 6. Impact of (a and b) Pp, S and M On Nusselt number profile.

Figures 6(a, b) present the effects of these various parameters (Nt,Nb,Ec,Pp,M and S) on
the Nusselt number. It is observed that Nusselt number is a decreasing function of Brownian
motion, thermophoresis, Eckert number, Magnetic field, porosity, and injection parameters
(Nb,Nt,Ec,M, Pp,S < 0) while it is an increasing function of the only suction parameter (S > 0).
Also, Figs 21 and 22 depict the effects of parameters o*, E, Nt,Kr, Pp, MandS on Sherwood num-
ber. It is noticed that Sherwood number is increased as each of chemical reaction rate param-
eter (¢*), thermophoresis parameter (Nt) and suction parameter (S>0) increases, while it is
decreased with increasing activation energy parameter (E), porosity parameter (Pp), Magnetic
field parameter (M), and injection parameter (S<0).

4. Conclusion

In this work, we have successfully employed a Casson rheological model to analyze the
second law thermodynamics for a steady, incompressible flow, electrically conducting viscosity
fluid. Using GWRM numerical solution for dimensionless conservation equations have been
obtained and observed against various thermophysical parameters. The significant results are
itemized below:

1. The research has exhibits that the CF velocity reduces with increasing values of first-order
velocity slip parameter (8,), second — order velocity slip parameter (§,), Casson parameter (B) ,
Magnetic field Parameter (M), while it increases with increasing values of wall injection
parameter, f,and Bi,.

2. The fluid temperature increases with higher values of porosity parameter (Pp), velocity slip
parameter, (8,), second — order velocity slip parameter (8,), Casson-parameter (B ), Magnetic
field, suction parameter but reduced for injection case

3. Increasing chemical reaction parameter (¢*), thermophoresis parameter (Nt) and suction
parameter (S>0) increase Sherwood number profile while increasing activation energy
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parameter (E), porosity parameter (Pp), Magnetic field parameter (M), and injection pa-
rameter (S<0) reduce Sherwood number.

4. The system stability at the molecular level reduces for Magnetic field parameter (M), how-
ever, significant amplification is described for Brinkman number, solar radiation parameter
(N)

5. the profile of the bejan number is control by higher values of the Brinkman number, solar
radiation parameter (N), and Magnetic field parameter (M).

6. The result of the Magnetic field Parameter (M), suction parameter (S > 0), Solar radiation param-
eter Skin friction coefficient (¢;) and local Nusselt number (Nu) more pronounced for Casson
fluid when compared to a Newtonian fluid

7. The obtained results show a significant influence in describing the strong interest of the
occurrence of solar radiation and it conveys into the work of nanofluid by convection.

Nomenclature
u and v are the velocity componentin x and y di- «a thermal diffusivity thermal diffusivity
rection v kinematic viscosity
T ratio of nanoparticle heat capacity o, €lectric conductivity
py density (kp)o permeability of the porous medium
B, constant magnetic field Dy thermophoresis diffusion
g gravity A stretching sheet parameter
Dg Brownian diffusion Kr chemical reaction
U, reference velocity ug, velocity slip at the wall
Pr Prandt/ number Re Reynolds number
Nb B/’_ ownian motion Nt thermophoresis parameter
E activation energy M magnetic parameter
o* chemical reaction Pp porosity parameter
8, frist-order velocity slip Ec Eckert humber

&, second-order velocity slip
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