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Abstract
This article explores the novel features of Cattaneo—Christov heat flux model for nonlinear radiative
flow of Casson nanofluid over an inclined permeable stretched cylinder with joule heating
mechanism. The novelty of the present study is to account for the effect of activation energy, dual
stratification, nonlinear mixed convection, non-uniform heat generation/absorption, binary chemical
reaction and Joule heating effect. The velocity and thermal slips are also accounted for present flow
model instead of no-slip condition. Casson fluid nanomaterial model is measured that refers to the
significant slip mechanism such as Brownian and thermophoresis diffusions. Suitable similarity
transformations are employed to get the required coupled ODEs system. The developed nonlinear
system is unravelled through shooting technique along with Runge-Kutta—Fehlberg (RK-45)
approach. Physical quantities of interest are investigated through graphs and tables. From the present
analysis, we will see the conflicting effect of chemical reaction parameter (y;) to that of activation
energy parameter (E,). Further it will be also analyzed that the heat transfer rate at the cylindrical
surface and thermal boundary layer thickness enhances within the frame thermal radiation (V;). It
will also be observed that both thermophoresis (V) and activation energy parameter become a source
of enhancement in concentration frame. A validation of the work is offered by comparing the current
results with published literature. Casson flow model as deliberated in the paper finds practical
applications in polymer engineering, blood flow, silicon suspensions, and lithograph industry.

Keywords: Casson fluid model, Arrhenius activation energy, Joule heating, nonlinear thermal
radiation, Cattaneo—Christov heat flux model, shooting method, non-uniform heat generation/
absorption
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thermophoretic diffusion coefficient (m? s~1)
activation energy (KJ mol~!)

Eckert number

activation energy parameter

similarity function

gravitational acceleration (m s~2)

fluid thermal conductivity (W mK™')

chemical reaction rate constant

Boltzmann constant (eV K1)
Hartman number

Buoyancy ratio forces
Brownian motion parameter
thermophors parameter
radiation parameter

Prandtl number

fitted rate constant

heat flux (W m—2)

velocity and thermal slip parameters
thermal and solutal stratification parameters
Schmidt number

reference, surface and ambient

ature (K)
velocity slip factor
mass transfer parameter

temper-

velocity components (m s~!)

fluid density (kg m—3)
kinematic viscosity (m? s~
curvature parameter
chemical reaction parameter
reaction rate constant

angle of inclination (Rad)

dimensionless nanoparticle concentration
mixed convection parameter

nonlinear thermal and solutal convection
parameters

dimensionless temperature
temperature ratio parameter
surface shear stress (N m~2)
temperature difference (K)

heat capacity of basefluid (J K~1)

effective heat capacity of nanoparticle mat-
erial (J K1)

electrical conductivity of base fluid (S m~1)
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@O, Iy) linear thermal expansion coefficients
I3, Ty) nonlinear solutal expansion coefficients
I thermal relaxation time

Introduction

The role of radiative heat transfer is quite phenomenal in var-
ious engineering processes like nuclear power plants, process of
solar heat generation hypersonic flights, gas turbines, space
vehicles, gas cooled nuclear reactors etc. Radiation does not
involve any medium for prorogation but depends on the fea-
tures like solid geometric arrangement, temperature and surface
properties of the that are emitting or absorbing heat. It is sub-
stantial to notice that the linear is not effectively valid for
excessive temperature difference because the dimensionless
parameter that is used in the linearized Rosseland approx-
imation is only the effective Prandtl number [1], whereas in the
nonlinear approximation, the problem is directed through three
parameters, such as Prandtl number, the radiation parameter and
the temperature ratio parameter. Heat exchange influenced by
thermal radiation has marvellous applications in numerous
technological procedures including satellites, missiles and space
vehicles. Pantokratoras [2] studied the influence of nonlinear
and linear Rosseland radiation on steady laminar natural con-
vection along a normal isothermal plate by means of a novel
radiation parameter named as film radiation parameter. Cortell
[3] accomplish a numerical procedure in association with the
boundary layer flow induced in a quiescent fluid by a constant
stretching sheet in the presence of nonlinear Rosseland thermal
radiation. Parida et al [4] considered two-dimensional MHD
boundary layer flow of heat and mass transfer over a horizontal
plate with partial slip at the surface subjected to the convective
heat flux in the view of nonlinear thermal radiation Bhatti et al
[5] explored heat transfer with nonlinear thermal radiation on
sinusoidal motion of magnetic dense particles in a dusty fluid.
Recent development can be seen via [6-9].

The study of complex mechanism of non-Newtonian fluid
exhibits great challenge for Physicists, Engineers and Mathe-
maticians. The conventional Navier—Stokes equation does not
predict all features of such complex fluids. Therefore, develop-
ments of numerous rheological models are the obligation of the
time [10—18]. The applications of nonlinear fluids are common in
geophysics, petroleum procedures and chemical industry. Con-
densed milk, toothpaste, mud, fruit puree, foams, certain oils,
ketchup, soaps and lubricants are some examples of non-New-
tonian fluids. The viscoplasticity of non-Newtonian fluid is
characterized by a yield stress, below which the fluid has infinite
viscosity (at zero shear rate) and above which it has zero visc-
osity (at infinite shear rate). Thus, Casson fluid behaves like solid
as well as viscoplastic fluid depending on shear rate of fluid. The
most significant viscoplastic models are Bingham model [19],
Herschel-Bulkley model [20] and the Casson fluid model
[21, 22]. All these ideal rheological models are discontinuous.
The most popular among these models is the Casson fluid model.
Casson fluid can be defined as a shear thinning liquid which is
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supposed to have an infinite viscosity at zero rate of shear, a yield
stress below which no flow arises and a zero viscosity at an
infinite rate of shear [23—-25]. This model has been utilized for
relating the steady shear stress-shear irate behavior of blood,
tomato puree, yogurt, molten chocolate, honey, jelly, etc. Human
blood can also be figure out as Cassonifluid when flowing
through small arteries. Eldabe and Salwa [26] have investigated
the flow of Casson fluid between two rotating cylinders. Boyd
et al [27] inspected the steady and oscillatory flows of the Casson
and Carreau—Yasuda non-Newtonian blood models via lattice
Boltzmann method. Nadeem er al [28] investigated three-
dimensional flow of Casson fluid over a linearly stretched sheet
in the presence of an external magnetic field. Dash et al [29]
analyzed the characteristic of Casson fluid under yield stress in a
circular tube of homogeneous porous medium.

Stratification [30] is a phenomenon that arises in flow field
due to variation in temperature, concentration and densities of
the fluid. Wave phenomena in airflow over mountains and
occurrence of smog are particular examples of stratification in
the atmosphere. In stratification phenomena, significant density
variation of fluid occurs in a vertical direction. Some applica-
tions of stratification are heat rejection from environment like
lake, thermal storage system like solar ponds, hermo-hydraulic,
geothermal systems, transference of heat from thermal sources
like power plant condenser and many others. In natural reservoir,
the growth rate of unicellular/multicellular organism is directly
affected by controlling the temperature and concentration dif-
ferences of hydrogen and oxygen by means of stratification.
Hayat et al [31] measured the impact of thermal stratification on
mixed convective Maxwell fluid flow. Ijaz et al [32] discussed
the dual stratification phenomena for nonlinear convective flow
of Maxwell nanofluid in presence of binary chemical reaction
and activation energy. Influences of thermal radiation and ther-
mal stratification of thixotropic fluid are scrutinized by Shehzad
et al [33]. Ibrahim and Makinde [34] explored the mixed con-
vection flow of nanofluid with dual stratification. ljaz et al [35]
studied the stratified flow of ferromagnetic Maxwell nanofluid in
view of viscous dissipation and heat generation/absorption.
Some additional research regarding stratified flows of non-
Newtonian models can be viewed via [36-38].

Heat transfer phenomena have been debated through
conventional Fourier’s law [39] of heat conduction from many
decades. Fourier’s law of heat provides us a parabolic form of
energy expression which shows that the entire framework is
instantly influenced by the primary disturbance. Cattaneo [40]
modified this matter by introducing thermal relaxation time in
the Fourier’s expression that yields hyperbolic form of energy
equation. Christov [41] improved the study of Cattaneo by
presenting thermal relaxation time in terms of Oldroyd’s upper-
convected derivatives for material-invariant formulation. This
modification is well-known as Cattaneo—Christov heat flux
model. The thermal instability in porous medium is discussed
by Hadded [42] through Cattaneo—Christov heat flux model.

The aim of present study is to discover the novel char-
acteristics of activation energy in nonlinearly radiative flow of
Casson nanomaterial with velocity and thermal slip conditions
over an inclined permeable stretched cylinder. Modified

Figure 1. Flow geometry.

Arrhenius formula for activation energy is employed with
binary chemical reaction. Generalized Fourier’s law of heat
conduction is also utilized through Cattaneo—Christov heat flux
model. The novelty of problem is to explore the features of
activation energy for Casson model in view of Joule heating,
non-uniform heat generation/absorption, double stratification
and nonlinear mixed convection with slip mechanism. Non-
linear differential equations are elucidated numerically by
Shooting method in assistance of Runge—Kutta Fehlberg
method [43, 44]. Graphs and tables are designed to study the
behavior of eminent variables on fluid characteristics.

Modeling strategy

Here we consider two-dimensional, nonlinear radiative flow
of Cassoni nanofluid over an inclined stretched cylinder of
radius (R,). The coordinates r; and z; are selected along radial
and axial directions of cylinder. Fluid flow is maintained due
to linear stretching velocity of the form W, (:%) Present
analysis has been accomplished with Joule heating, nonlinear
thermal radiation, non-uniform heat source/sink, thermal and
solutal stratification, nonlinear mixed convection, binary
chemical reaction and Arrhenius activation energy. The
velocity and thermal slip are also inspected for present flow
problem. The uniform magnetic field of effective strength (B,)
is applied in the radial direction of the cylinder (see figure 1).
Here, heat transfer phenomenon is analyzed with the Catta-
neo—Christov heat flux theory. Temperature and concentration
at the surface of cylinder are maintained at (7,) and (Cy)
while ambient fluid temperature and concentration are kept at
(T) and (C,), respectively. The rheological expression of
Casson fluid can be expressed as follows [21-23]:

7o

2(/117 + ﬁ )Z‘,‘j, ™ > T,
= ‘ , M)

2| w —&-L e, m™< T,
14 mc 7
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In the above equation, ™ = ¢&;.¢;; is defined as product of
component of deformation rate with itself. While (7.), (m,)
and (%,) are the critical value of Casson fluid, plastic dynamic
viscosity and yield stress of non-Newtonian fluid. Casson
fluid model is reduced to a viscous fluid at very high wall
shear stresses provided that wall stress is much greater than
yield stress. This fluid shows good approximations for many
substances which include molten chocolate, biological mate-
rials, nail polish, cosmetics, some particulate suspensions etc.

conductivity and I, for thermal relaxation time, respectively.
Fundamental Fourier’s law is deduced by putting [,=0in
equation (5). Due to existence of thermal relaxation time
factor (&5 = 0), the paradox of heat conduction is rectified.
For incompressible and steady flow assumptions [46]

q, + .[V.Vq, — q.VV.] = —k; VT. (5)

Energy and concentration expressions within the frame of
assumptions are [47]

R 2)
WO 0 pg, - M 10 rla_T)+ i (1 L (61)
81’1 821 (,OCP )f n 87‘1 87‘1 (,OCP )f fl 81’1
e 2,2 3
1 ii(maiT rlB_T) osBiw? - On [ ©
(pCp)y i On\ 3K,  On Ps (PCp)s
aC o Dy (8T Y
S R N e
Ory Oy T, \On J
For steady two-dimensional .ﬂow governing expressions in ac ac Dy d( 9C
the absence of pressure gradient along with boundary layer m— t+w—=——|n—
approximations are [24—41]: On Oz n On\ On
Dr1 0 0T 5 -
9 9 +ZL 2| n==| - K, — K(C — Cy). 7
8—”1(”1M1) + 8—Z1("1W1) =0, 2 T 11 871( 13}’1) : ) @
Awy w1 1) o A, ] The corresponding boundary conditions are [48]
W— +uy—=—|1+ —|—|n—
321 6"1 r {1 8r1 8r1
2 3 > Woz 1 |ow
- I BN - 1) 4 BT - T P "= O]+V2(H_)—l’ o
pf pf Ll &1 arl
+ T3(C = Ca) + T4(C — Coc Y] cos 6y, 1,4+ %3y c—c,+Ba
(3) L1 8r1 1
atr = R,, ()
For modeling of equation (2), law of conservation of
mass has been used which states that total mass of the system
remains constant over time. Here momentum equation is dsz1
derived based on Newton’s second law under the influence of wi—0, T— L=T+ T
MHD and gravitational force. Flow analysis has been dl as rp — 0o, C))
accomplished by neglecting the external electric field, the uy—0, C—Cx=0C,+ daa
induced magnetic field and the electric field due to polariza- Ly
tion of charges.
Energy equation via Fourier’s law is of parabolic type With
which shows that the whole system is immediately affected
by the primary disturbance. This issue has been controlled
through the thermal relaxation. time in the Four.ier’s law (see O, = ulzaz_T T ow? 32_72" + 8_T Wi % T u %
Cattaneo [39]). In 2009, Christov (see [41]) improved the or? 0z or 071 or 10
analysis of Cattaneo [40] by introducing thermal relaxation 8wy owy ow, \OT (10)
time and using Oldroyd’s upper convected derivatives for the +2win 3 +(W16— + Mla—)a—,
material-invariant formulation. noa “ n/ou

Cattaneo—Christove heat flux model [45] is

~ | Oq;
+ Fg
q; [ B)

_t + VeVq, — q,.VV. + (VVc)ql] = —];fVT,

€))
where ¢, defines for heat flux, Igf for fluid thermal

here (u;, wy) symbolizes for the velocity components in
r and z-directions respectively, & for material parameter, p;

for fluid density, (®,) for angle of inclination, yl((’;) ) for
f

kinematic viscosity, (g,) for gravitational acceleration, (L) for
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characteristic length of the cylinder, (7, C,) for temperature
and concentration, (I3, I5) for linear and nonlinear thermal
expansion coefficients, (I3, I;) for linear and nonlinear solutal
expansion coefficients, (V) for velocity slip factor, (K;) for
chemical reaction parameter, (03) for electrical conductivity,
(C, )y for specific heat, (Ky) for mean absorption coefficient,
(&3) for Stefan—Boltzmann constant and (Dg, D7) for Brow-
nian and themophoretic diffusion coefficients, respectively.

The mathematical expression of non-uniform heat gen-
eration/absorption is [49]:

_ Wk [BI(T _ 1)@
w o a

+ B, (T — Toc)], (1)
gyl

v

here B;(>0) and B, (>0) represent heat generation state of
system while B;(<0)and B, (<0) resembles for heat
absorption.

Arrhenius equation gives the dependence of the rate
constant of a chemical reaction on the absolute temperature, a
pre-exponential factor and other constants of the reaction. The
Arrhenius law is normally of the following form [50]:

P
i) exp[—i], (12)
T Tk*

where K, is the rate constant of chemical reaction and 12,2 is
the preexponential factor based on the fact that enhancing
the temperature frequently causes a noticeable increase in the
rate of reactions. E is the activation energy and k* = 8.61 X
10> eV K ! is the Boltzmann constant which is the physical
constant relating energy at the individual particle level with
temperature observed at the bulk level. This equation has vast
applications in determining rate of chemical reactions and for
calculation of energy of activation.

Apposite transformations for present flow are [S1]:

Wo (% —R; b WozaiR;
== (”T] wi) = ZIG (), W) = [T G,
&, (7T . c-c "
141 oo e
G (C] = "%
i) = = oy O, €)= e =
The transformed flow expressions are [52]:
1 1
a1+ 27,7})[1 + —]G”’ + 271(1 + —)G” + GG" — G'?
& 1 (14)
+6i + 5,001 + Ni(l + B.¢))¢]cos &1 — MiG' = 0,
(1 + 2yim| O] + PrNy| ©10; + ﬁeiz + Ec(l + i]G”Z + 27,0
Ny & (15)
+PrGO; + [1 + N.(1 + (6,, — NO)3O]]" + (B|G' + B,O)) + M;G’*
+Pro,[(S; + ©))(GG” — G'?) + GG'O] — ©YG?] — Pr(S; + ©,)G =0,
a + 27177)( L+ —9”) +2mi¢) + 271(N )9’ + ScGg)
E (16)
—Sc(S; + G + — S 1 +860)Pexp| ———2—|[=0,
c(S2 + ¢)) Y2y — Scys( ) P[ 1 6@1)]
G'(0)i =1+ Sv(l + ;]G”(O) GO) =V, O60)i=1-S + 560,
1
(17)
P (0)i=1— 8y, G/(0c0) — i0, ©4(c0) — 0,
@,(c0) — 0.
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Here, (,) symbolizes for curvature parameter, (3;) for mixed
convection parameter, (Sc¢) for Schmidt number, (G, 5.)
nonlinear thermal and solutal convection parameters, (N,) for
radiation parameter, (©,,) for temperature ratio parameter,
(Pr) for Prandtl number, (M) for Hartman number, (N;) for
ratio of concentration to thermal bouncy forces, (N, N,) for
Brownian motion and thermophorsis parameters, (Sj, S,) for
thermal and solutal stratification parameters, (vy,) for chemical
reaction, (§) for temperature difference, (Ec) for Eckert
number, (E,) for activation energy, (7;) for reaction rate
constant, (S,, S;) for velocity and thermal slip parameters,
respectively.
Emerging flow parameters are defined as [53]

Lg(T, — T,)z -
Y1 = —V;Ll N GI" = —lgl( 2 )Zl N (S = 7];‘/ T,, s
Ro WJ V] TDO
A 3
5= [ G DEC Z G 16
RU VILI Vl kf
_ L, - G) _ nDr(T, — T,) _ ki
fe=—""", N=—7T""—"""" x= ,
F3 Tool/l VVU
(T, — T,) n1Dg(C,, — C,) KL
= -, N=—-o-""7 = = N >
ﬂt Fl b » Y3 W,
M, — 5B, Ly R A (ST o) B El*’
Wo Ay
EC:—wv BI:G_’;a 5e:U_’
Cp(Tw T;;) ReZ] L
d d
S1:—2,S—i, S, = 4
d; Dg d;
(18)

The engineering design quantities include skin-friction
coefficient, the local Nusselt number and the local Sherwood
number. Mathematically, skin friction coefficient Cg, local
Nusselt Nu,, and Sherwood Sk, numbers are [54]:

27, 214, 24,
Co= o, Nugy = —— 0 gp = I
pr kf(TW — T,;) DB(CW - Co)
(19)
with
o= |1 1|20
gl 8r1 =
~ 0T
q, = — kf_ 4+ (qr)W ;. (20)
(9/‘1 r=R,
oC
oo
arl r=R, J

In which (g,),, is defined as

166373 0T
Gy = —————— , 1)
3K2 8}’1 r=R,

The dimensionless forms of ( Cg), (Nuy) and (Sh,) are

1 1
ECg(Rezl)% - (1 + g—l)G”(O),

Nitz, (Rey) 2 = —(1 + N(1 + (8, — 1DO,(0))})0}(0),

Sha,(Re.) 2 = —/(0),
22)

2
where, Re, (:%) is the local Reynold number.
1

Computational algorithm and validation

The numerical solution of resulting system of coupled nonlinear
ODEs (equations (14)-(16)) along with boundary conditions
equation (17) is computed by means of shooting technique along
with fifth order Runge—Kutta Felberg method [55] in MATLAB
software with £ = 0.001. Newton method is applied for the
modification of initial guesses Uj, U, and U; subjected to the
tolerance of ¢ = 10~7. For present study, the domain of the
problem is considered as [0 — 15] instead of [0 — oc0). To
proceed with such technique, we have to reduce higher order
coupled system into the first order equivalent system by defining
new variables (Z,, Z,, Zs, Zs4, Zs, Zs, Z7) = (G, G', G", Oy,

1> @1, @)). The first order equivalent system in term of Z; for
i=1,2,3 45 6, 7)is

Z| = 7, (23)
Z, = Z, (24)
1
—271(1 + 2)23 — Z\Z3+ Z5 + M{ Z—
1
. Bi((1 + BiZs)Zy + Ni(1 + B.Z6)Zg) cos P,
3 — ’
1
1+ 27171)(1 + —)
&
(29)
Z, = Zs, (26)
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Table 1. Comparison of (1 + %) G"(0) with [57].
1

Table 3. Numerical values of %CG (Re,, )% towards various physical

| parameters.
—(1 + —)G”(O)
& M [58] Present w4 B Mo S ES i
Shooting ~ Bvp4c
o 0 1.0042 1.000 02
5 —~1.0954  —1.095 44 0.2 22045 22045
1 —14142  —1.41425 0.4 3.0085  3.0085
o 10 33165  —3.31663 0.6 40523  4.0523
5 ~-3.6331  —3.63317 1.1 1.7581  1.7581
1 —4.6904  —4.690 44 1.3 1.7845  1.7845
co 100 —10.049  —10.049 86 1.5 1.8073  1.8073
5 —11.0091  —11.009 07 0.2 1.6547  1.6547
1 142127 —14.21265 0.4 15278  1.5278
0.6 13785  1.3785
0.1 1.5674  1.5674
0.3 17967  1.7967
0.5 1.9653  1.9653
, . 0.2 1.7455  1.7455
Table 2. Comparison of Nu_ (Re,) 2 with [58] and [59]. 0.4 17697 17697
Pr. [58] [59] Present 0.6 1.7863 1.7863
St—Sy (E=~) (& 00 %="5=M= 0.4 19788  1.9788
( M ) ( 0 ) B =B =By =N, =0 0.8 1.4875  1.4875
1.2 1.0753 10753
1.0 0.9547 0.9547 0.9546 0.1 17486  1.7486
20 14714 1.4714 1.4714 03 17355  1.7355
3.0 1.8961 1.8961 1.8960 05 17243  1.7243
-1+ Z’yln)Pr[NbZ5Z7 + NZ2 + Ec[l + fi]zf) — PrZ.\Zs
1
+Pr(Si + Z1)Z, — 2nZs — [1 + Ni(1 + (©,, — 1)Z4)*Zs)
. \=Pré.((Si+ Z)(Z1Z5s — Z3) + Z1ZoZs) — (BiZy + ByZy) on
’ (1 + 2y — Pro.Z7) ’
Zs =7y, (28)
N 2 ZE 4 20Zs) — Ze — ScZiZy — 27
Nb(( + 2mMZs + 2nZs) — Ze — ScZi1Z7 — 22
E,
+SC(S2 + Z6)Zz + SC’Y3(] + 6Z4)p exp[—m]
7l = ERA (29)
(1 + 2wmn)
With
20 =V 70 = sv[l + i]Ul, Z30) = U,
Z,0)=1-3S8y, Z5(0) = U, Zs(0) =1 —S,,

Z7(0) = Us,
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1 1
Table 4. Numerical values of Nu_, (Re.) 2 towards various physical ~ Table 5. Numerical values of Sh_ (Re.) 2 towards various physical

parameters. parameters.
T T

v & No& S E B a2 Yo Se Ne NS E, o _ohaRe)
Shooting  Bvpéc Shooting  Bvp4c
0.2 0.6254  0.6254 0.1 0.5472  0.5472
04 0.7367  0.7367 0.3 0.6436  0.6436
0.6 0.8498  0.8498 0.5 0.7365  0.7364
1.1 0.7568  0.7568 0.5 0.4873  0.4873
1.3 0.7365  0.7365 1.0 0.5437  0.5437
1.5 0.7149  0.7149 1.5 0.6779  0.6778
1.0 0.7857  0.7857 0.3 0.6277  0.6277
2.0 0.7286  0.7286 0.5 0.7255  0.7255
3.0 0.6394  0.6394 0.7 0.7481 0.7482
0.3 0.7465  0.7465 0.3 0.5868  0.5867
0.5 0.7389  0.7389 0.5 0.4259  0.4259
0.7 0.7266  0.7266 0.7 0.3745  0.3744
0.2 0.7465  0.7465 0.1 0.4574  0.4574
04 0.7387  0.7387 0.3 0.5244  0.5244
0.6 0.7259  0.7259 0.5 0.6376  0.6375
0.0 0.8854  0.8854 0.4 0.7855  0.7854
1.0 1.0657 1.0657 0.6 0.7735  0.7735
2.0 1.8784  1.8784 1.2 0.7533  0.7532
0.1  0.7593  0.7593 0.1 0.7873  0.7873
0.3  0.7048  0.7048 0.5 0.8535 0.8535
0.5 0.6532  0.6532 1.0 09648  0.9647

| —t=02 —2=04 — =06 — =038

G'(n)

Figure 2. G’(n) against &,

The terminating benchmarks for the iterative process is
set as

max .{|Z>(15) — 0], |Z+(15) — 0|, |Z6(15) — 0]} < e.

Discussion

In this section, we will explain in detail the characteristics of
different physical parameters on velocity, concentration,
temperature, heat and mass transfer rate in graphical and

Figure 3. G'(n) against +,.

tabulated form. To analyze the results, the numerical compu-
tations are restricted thoroughly for various values of physical
parameters [56] such as (0.1 < £ < 0.5), (0.2 < 4 <£0.9),
(03 <N, <14),(04<E<00),02<M<LY), 02K
Y <0.8), (0.5 < Pr<25), (1< N < 13), 02<8,<
0.8), (0.5 <N <3), (02<M<05), (02<E,<14),
0.1 <51 <1.0), 02<S5<12), (01<S8<06) and
(0.1 < B, <£04). Tables 1-3 are created to notice the sig-
nificant behavior of skin friction coefficient, local Nusselt and
Sherwood number towards various flow controlling para-
meters such as curvature parameter (7;), Casson fluid
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parameter (§), Hartman number (34;), Schmidt number (Sc),
mixed convection parameter (3;), thermal radiation parameter
(N;), Brownian motion parameter (VV,), thermophorsis para-
meter (N;), thermal and solutal stratification parameters
(S, S,), respectively. Specifically, tables 1 and 2 provide the
comparison of the skin friction coefficient and local Nusselt
number with the previously published results. Table 1
describes the skin friction coefficient for numerous values of
(&) and (M,;) and match these values with [57] when all other
parameters are kept unchanged. Without emphasis on
equation (16), the present outcomes of Nusselt number for
distinct values of Prandtl number are compared with existing
values through table 2. We have established an excellent
agreement that confirms the validity of our present work. (see
tables 1 and 2). Table 3 is presented to study the sound effects
of parameters like (7)), (§), (81), (My), (S), (E,) and (S,) on
skin friction coefficient. Physically, the negative values of skin
friction coefficient correspond to the amount of drag force
offered by cylindrical surface to the fluid particles. It is
observed that skin friction in the absolute sense, displays a
provoking nature towards thermal stratification parameter (S;),
curvature parameter (vy,), Casson fluid parameter (§) and
magnetic parameter (M;) while opposite approach is viewed
for positive values of mixed convection parameter ((3;), acti-
vation energy parameter (E,) and solutal stratification para-
meter (S,) respectively. Table 4 spectacles the impact of
curvature parameter (v,), fluid parameter (§;), thermal radiation
parameter (V;), activation energy parameter (E,), thermal
relaxation parameter (6,), thermal stratification parameter (S)),
and (B;) on local Nusselt number. Here, Nusselt number is an
increasing function of (v,) and (E,) whiles it declines for
higher marks of (§), (M), (By), (&) and (S,) . From table 5, it
can be detected that an enhancement in curvature parameter
(), Schmidt number (Sc), Brownian motion parameter (Ny,)
corresponds to a rise in Sherwood number, while inverse
relation exists between (&,), (E,) and Sherwood number. The
MATLAB built-in function (bvp4c) is employed for the ver-
ification of the present results obtained from the shoot-
ing code.
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Velocity profiles

Figures 2-7 are portrayed to explore the features of velocity
profile (G’(1)) for distinct values of (&), (v,), (M), (3,) and
(Sy). figure 2 analyze the behavior of (G’(n)) for variation of
Casson parameter (&). It is observed that the velocity profile
(G'(n)) declines for greater approximation of the Casson
parameter (&). This is due to the fact that stress of the Casson
fluid causes a decrease in rheological characteristics. When
(&) approaches to its maximum value or infinity, the flow
behavior resemble to the Newtonian fluid model and the fluid
is able to shear faster along the surface. The effect of cur-
vature parameter (v;) on velocity profile (G'(1)) is displayed
in figure 3. One can see from graph that velocity distribution
(G'(n)) upsurges within the frame of larger curvature para-
meter (7). Since there exist an inverse relation between cur-
vature and radius of cylinder. Thus, increase in (vy,) reduces
the radius of the cylinder and consequently the contact area of
cylinder with fluid is abridged which produces less resistance
to the fluid motion and hence enhancement of the velocity
profile is noticed. Figure 4 is sketched to check the effects of
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magnetic parameter (M;) on velocity (G’(n)). A resistive
Lorentz force is developed in the flow regime, when the
strength of the magnetic field is enhanced. This resistive force
is responsible of decline nature in the velocity distribution.
Figure 5 is revealed to analyze the effect of an inclination (¢,)
on velocity profile. It is observed that for greater values of
(¢,), the velocity profile decreases. Behavior of (G’(1)) for
higher approximation of nonlinear thermal convection para-
meter (3,) is presented in figure 6. Motion of fluid particles
boosts up for higher marks of nonlinear thermal convection
parameter ((3;). For greater approximation of (5;), the temp-
erature difference (7,, — T.,) intensifies which is responsible
for upsurge in velocity distribution. Impact of velocity slip
parameter (S,) on (G’(1)) is delineated through figure 7. Here
the velocity (G’ (7)) and momentum boundary layer thickness
is lower for the growing values of velocity slip parameter (S,).
In fact, the stretching of the sheet becomes a source of
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decrease in the liquid flow that weaken the velocity field
(G’ (n)) against velocity slip parameter (Sy).

Temperature profiles

Figures 8—16 demonstrate the behavior of Brownian motion
parameter, (N,), thermophoresis parameter (»;), thermal
radiation parameter (N,), thermal stratification parameter (S)),
temperature ratio parameter (0,,), Prandtl number (Pr),
thermal relaxation parameter (é.) and non-uniform heat source
or sink parameters (B;, B;), respectively. Variation of Brow-
nian motion (N,) and thermophoresis parameter () on
temperature distribution (©;(7)) is presented in figures 8 and
9. Similar enhancing behavior of both parameters (Vy, N,) is
observed for temperature (©(n)) and apposite layer thick-
ness. More heat is produced due to rise in random motion of
the fluid particles within the frame of greater (V). Therefore,
(©1(n)) boost ups. For larger values of thermophoresis para-
meter (N;), fluid particles transport themselves from hot
region to cold ones. This fact is due to boosting character of
thermophoresis force that upsurges temperature profile (see
figure 9). Nature of fluid temperature (©;(n)) against the
variation of thermal stratification parameter (S;) is portrayed
in figure 10. It is remarked that temperature distribution
(©1(n)) and associated layer thickness diminishes for greater
(8. In fact an increase in (S;) develops a layered configura-
tion of fluid in vertical direction with higher density fluid at
bottom than the upper region. Thus, thermal stratification (S))
reduces the convective flow between the heated cylinder and
the contiguous liquid in the medium. As a result, the temp-
erature distribution drops. Figure 11 is designed to intricate
variation in (©(n)) for distinct standards of (N,). Here, both
temperature and its associated boundary layer thickness
upsurges with an increase in thermal radiation parameter ().
In fact, radiation is a phenomenon that transmits energy
through fluid particles. Therefore, it produces heat energy in
the flow field. Due to this justification, we see the results of
that type (see figure 11). Figures 12 and 13 are presented to
examine the temperature distribution (©;(n)) for different
estimation of Prandtl number (Pr) and temperature ratio
parameter (G,,). One can noticed that reverse behavior exists
for both parameters on temperature field. Here temperature
(©¢(n)) is a diminishing function of (Pr). This response of
temperature (O(n)) against (Pr) is based on weaker thermal
diffusivity when compared to momentum diffusivity. Due to
this argument, the temperature (O;(7)) decays. Here temper-
ature and thermal boundary layer thickness are enhanced for
greater (O,,). This is due to higher thermal state of liquid
when compared with ambient fluid temperature. Variation of
temperature (©;(n)) against non-dimensional thermal relaxa-
tion time (&) is revealed in figure 14. One can grasp that
temperature and apposite boundary layer thickness are wea-
kened via larger (&.). In fact, material particle requires addi-
tional time for transmission of heat to its adjacent particles
due to upswing in thermal relaxation parameter. Influence of
space and temperature-based heat source/sink parameter
(B and B;) on temperature profile (©(n)) is portrayed in
figures 15 and 16, respectively. From these figures, it is

13

evident that the more heat is produced for higher standards of
By > 0 and B; > 0 and this causes to enhance in (©(n)).
Although, heat is absorbed for higher values of B; < 0 and
B, < 0, hence the temperature and its boundary layer
dwindled.

Concentration profiles

Figures 17-23 are revealed to show the impact of (v,), (S2),
(No), (V). (Sc), (E,) and (73) on (¢(n)). Impact of des-
tructive chemical reaction variable (y, > 0) on concentration
(¢,(n)) is pointed out in figure 17. Here concentration
and relevant boundary layer thickness are reduced for
larger destructive chemical reaction variable (v, > 0). From
figure 18, it is detected that (¢, (n)) is a decreasing function of
solutal stratification parameter (S,). In reality, reduction in
concentration potential between ambient fluid and the cylin-
der’s surface (C,, — C4) is identified that ultimately lowers
the concentration (¢,(n)) field. In figure 19 features of
Brownian parameter (N,) on (¢,(n)) is presented. It is
observed that concentration profile is a dwindling function of
(Np). Since fluid particles are pushed in a direction opposite to
the concentration gradient to make more homogeneous
nanoparticle solution. Therefore, lesser concentration gradient
value is noticed for greater values of (V). That ultimately
drops the concentration (¢,(n)). Decreasing features of
(¢,(n)) is found for larger approximation of Scbmit number
(Sc) (see figure 20).

Due to reduction in mass diffusivity for greater (Sc), the
concentration and associated boundary thickness diminishes.
The increase in (N,) contributes higher fluid thermal con-
ductivity which spectacles the greater concentration (¢, (7)) as
seen in figure 21. The relationship between activation energy
(E,) and nanoparticle concentration (¢,(n)) for particular
values of parameters is analyzed in figure 22. The modified
Arrhenius function dwindles with the enrichment in activation
energy parameter (E,). This finally endorses the generative
chemical reaction due to which nanoparticle concentration
(¢,(n)) upswings. Decreasing tend of (¢,(n)) is compre-
hended for larger (v;) (see figure 23). Physically, as we
enhance...the...values...of (73), the destructive rate of che-
mical reaction also grows which is used...to terminate/dis-
solve the liquid...specie...more effectively.

Conclusions

A numerical analysis is presented to investigate the influence
of slip boundary conditions on a nonlinearly radiative flow of
Casson nanofluid with novel impacts of activation energy,
non-uniform heat generation/absorption and binary chemical
reaction. Heat transfer for current problem is investigated
through Cattaneo—Christove heat flux model with thermal and
solutal stratification phenomena. Numerical solution of
transformed system is achieved by employing shooting
technique. The key observations are summarized as follows:
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* Nanoparticle concentration is an enhancing function of
activation energy (E,) for chemical reaction and thermo-
phoresis parameter (V). Additionally, the response of
chemical reaction parameter (7;) is qualitatively opposite
to that of (E,).

An enhancement in non-uniform heat generation/absorp-
tion parameters (B;, B,), Brownian motion and thermo-
phoresis parameters (N, N;) becomes a source of rise in
temperature distribution while greater approximation of
Prandlt number (Pr) and thermal relaxation parameter (4,)
generates a plunge in temperature field.

Temperature and concentration fields are dwindling
functions of thermal and solutal stratification parameters
(81, S,), respectively.

Heat transfer rate at the cylindrical surface and thermal
boundary layer thickness enhances in presence of thermal
radiation ().

Sherwood number has contrary behavior for larger (E,)
and (73).
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