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Abstract: This mathematical model explains the behavior of sinusoidal radius activity in stagnation
point three-dimensional flow of hybrid nanoparticles through a circular cylinder. The energy equation
of heat source/sink effect and the mass equation of Arrhenius energy of activation and chemical
reaction effects are incorporated. Self-relation transformations are adopted to reduce the PDEs to
ODEs, then the RKF-45 method is solved with shooting proficiency. The nodal and saddle point
action is studied in pertinent parameters for thermal, mass, and velocity curves. Further statistical
values of skin friction, Nusselt number, and Sherwood number of both nodal and saddle points are
portrayed in tables format. It is ascertained that higher values of activation energy and reaction rate
enhance the concentration curve. In addition, the nodal point curves are always less than saddle
point curves.

Keywords: circular cylinder; three-dimension flow; activation energy; heat source/sink; hybrid
nano liquid

1. Introduction

Nanofluids are very fine engineering colloidal particles created by combining nanopar-
ticles and a base liquid. The diameter of nanoparticles typically ranges from 1-100 nm,
and the base liquid is typically water or ethyl glycerol. Choi [1] in 1995 was the first to
suggest the effects of thermal conductivity and heat transmission across nanofluids. In
addition, based on his assessment, he discovered that nanofluids are more efficient than
base fluids. Because the nanofluid is one of the developing liquids, it has resulted in
numerous scientific inventions in the nano industries, according to Choi’s survey [2]. Many
of academics have examined a range of analyses of fluid models across various platforms
(see refs. [3-9]). Hybrid nanofluids have recently taken precedence over nanofluids due
to increased thermal conductivity and a more efficient heat transference rate. Hybrid
nanofluids are created by combining two or more nanoparticles with a base liquid. The
various applications of hybrid nanofluids were studied by Sarkar et al. [10]. Stability and
various characteristics of CuO-TiO, /water-based hybrid nanofluid were examined by
Asadi et al. [11]. Lund et al. [12] studied the dual solution of the impact of thermal radia-
tion effect over magnetohydrodynamic flow of a Cu-Al,O3/H;O-based hybrid nanofluid.
Ramesh et al. [13] investigated the Darcy—Forchheimer model of hybrid nanofluid in a
stretchable convergent/divergent channel. They found variations of velocity and solid
volume fraction in the channel. Ramesh and Madhukesh [14] investigated the effect of
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hybrid carbon nanotubes in the presence of activation energy and heat source/sink. They
found that hybrid CNTs nanomaterials have a greater rate of heating/cooling than single
CNTs nanomaterials.

Many aspects, such as activation energy, heat source/sink, and slip parameters, all
play a significant part in thermal and concentration analyses of fluid flow. These variables
enable us to examine the behavior of fluids over a range of parameters. Alghamdi et al. [15]
studied the role of dyadic chemical response for the MHD flow of viscous fluid with
suspended nanoparticles through the gyrating disk. Rekha et al. [16] considered AA7072-
AA7075/water-based hybrid nanofluid flowing through a cone, wedge, and plate in the
presence of activation energy. They discussed the impact of activation energy and mass
transfer phenomena in the presence of hybrid nanofluid. Ramesh [17] used Buongiorno’s
model to analyze the significance of chemical reaction and energy of activation over a
viscoelastic nanomaterial through a surface with stretching. Further, this model was taken
and work was extended by Alsadi et al. [18], who, over stretching sheet, studied the entropy
generation impact, and Asma et al. [19], who examined the influence of Arrhenius energy
of activation on Darcy—Forchheimer nano liquid in three dimension.

A three-dimensional Williamson nanofluid with Darcy—Forchheimer permeable media
was emphatically deliberated upon by Ramzan et al. [20]. They found the behavior of heat
flux under the Fourier and Fick’s laws and examined the Williamson and Hartman number
over a velocity profile. Jagan et al. [21] deliberated the 3D unsteady MHD convective
stream of nano liquid with double stratification using the homotopy analysis method.
Nayak et al. [22] explored the three-dimensional free convective moment of a radioactive
nanofluid under a variable magnetic field. They observed the influence of the Hartmann
number on the temperature and thickness of the related boundary layer. Irfan et al. [23]
scrutinized the nonlinear mixed convection on radioactive flow and activation energy on
the 3D flow of a Carreau nanofluid. Alwawi et al. [24] investigated the ethyl-glycerol-based
nanofluid flow around a circular cylinder by utilizing the Tiwari and Das [25] nanofluid
model. In this study, they considered the magnetohydrodynamic effect and analyzed the
heat transfer effects.

Inspired by all the above insights, we developed a 3D flow of hybrid nanoparticles
(Fe3O4 + Go) through a circular cylinder in the stagnation point region. From the literature
point of view, the problem has not yet been studied by considering activation energy. Nor-
mal partial coupled equations are regenerated ordinary coupled equations. Furthermore,
equations are solved numerically with the prominent RKF-45 method. A good discussion
is made with the help of graphs.

2. Problem Formulation

Consider a time-independent, three-dimensional flow of a hybrid nanofluid (Fe3O4 +
Go) with water as a base fluid in the direction of the circular cylinder (see Figure 1). The
radius of the cylinder variegates sinusoidally. The positions B, A, and C on the cylinder
represent the minimum and maximum stagnation points. A connecting line connects A to B
and B to C, splitting the flow that passes on either side of the cylinder. Additionally, the flow
is taken with u} &uv} free stream speed along the x&y direction, with ¢ = Z—i representing the
special streamline. The flow lines of the nodal stagnation point are ranging from 0 < ¢ < 1,
The flow lines of the saddle stagnation point are ranging from —1 < ¢ < 0. The flow is said
to plane when ¢ = 0. The Arrhenius energy of activation, chemical reaction, and uniform
heat source/sink effects are examined. The equations which represent the above-assumed
flow are given as follows (see [26,27]).
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Figure 1. Geometry of the problem.
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The interrelated boundary constraints are
oT
u:0,v:0,w:0,'ykhnf$:T—Tw,C:Cwatz:O, (6)
u—uy, v—=>0s, T— T, C— Coasz— o 7)

where (4, v, w and T) are the components of velocity and temperature along x, y, and z

directions. a*? and b*? represent the free stream-dependent constants. The term v ( = %

denotes kinematic viscosity, and y and p represent dynamic viscosity and density of the
hybrid nanofluid, respectively. « (: ﬁ
P
and the term k represents thermal conductivity. T;,&Cy, represent the temperature and
concentration at the wall, and To.&Co represent ambient temperature and concentration.
Qo is the uniform heat source/sink coefficient, x? is the reaction rate, n denotes the fitted rate

. . . . n _Eq cre
constant, K is the Boltzmann constant, E, is activation energy, and % ¢~ K is modified

denotes hybrid nanofluid’s thermal diffusivity,

Arrhenius function. < is thermal slip, and the subscript hnf denotes hybrid nanofluid.
Thermophysical features of water and nanoparticles are listed in Table 1 (see [28]).
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Table 1. Thermophysical properties of nanoparticles and water.

Particles p(kg/m?) ¢y (J/kg K) k(W/mK)
Fe;Oy4 5180 670 9.7
Go 1800 717 5000
Water 997.1 4179 0.613

The efficient characteristics of hybrid nanofluid are stated below.

Dy = (1 - 4’1)2'5(12g 472)2'513]2(,5
(0Cp) = (1= 1) (1 = ¢2) (0Cp) ; + P1(0Cp) 51 + $2(0Cp) 2
Pinf = W;W’ph”f =(1-¢») [(1 —¢1)ps + 4>1ps1] T2 o

(pcp)hnf = (1 - gbz) {(1 - 4)1) (pCp) + 4)1 (pcp)sl} + ¢2 (pcp)SZ,
s — ks, +(my—1)kyr—(m1—1) (kys— ksz)
hnf ks +(m1—1)kpp+2 (kyf—ks, ) bf’
ks +(my —1)kg—(m1 —1)¢1 (ky—ks, )
ks, +(mi—1)kp+1 (kf—ks; ) f

®)

where kyr =

Here, ¢1, ¢ indicates the volume fraction of individual nanoparticles. Here, suffixes
hnf denote hybrid nanofluid, f denote base fluid, and s denote solid particle, and m; is
shape factor parameter. In the current study, we take a sphere shape (m; = 3) [29].

The variables are used to obtain the similarity equations:

w=axf'(n), o =b"yg'(n), w = —/a"vs(f(n) + cg(n)),
T = Teo (T = Tw)0(), € = oo+ (Co = Cou)t(n), 1 = 2, /T } ©)
The transformed ordinary differential equations along with the conditions are
1 f///
(1=1) (1-4)?° »{(1 P10+ 5 |2 (10)
+ffr 4cfrg—f241=0
_ 1 o
(1=1)** (142)*° _{(sz)(l 1)+ - }+¢ ] $ (11)
+fg" 4+cg"g—cg24+c=0
Kpng
i 6"+ f0 1 cf'g +S8=0  (12)

(pe
Pr[{(1—¢2)(1—¢1)+4’1 Zci, } 2 pcia))f}

(1—¢1)* (1 — ¢2)* X" + Scfx' + ¢ Scx's — B Sc(1 + 660)"Exp (1 +F:59) =0 9

The reduced boundary constraints are

f'(0) =0, g'(0) =0, £(0) =0, "
§(0) =0, 6(0) =1+ 20'(0), x(0) =1 f 27 77° (14
f(00) =1, g'(0) =1, 8(c0) = 0, x(0) = 0 asy — (15)

The variables which are present in the Equations (9)—(13) are as follows:

c = 2—1 is a constant that represents a streamline, A = vk £y /f/—* is the thermal slip

Hf( i .

parameter, Pr = is a Prandtl number, Sc = g—ff is a Schmidt number, E =
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L T, T
activation energy, 6 = “t—=

is temperature difference parameter, f = —1 is reaction rate,
and S = 2 s the heat source/sink parameter.
a (pcp )hn f
Skin friction, Nusselt, and Sherwood numbers are given by

(Co — Co)

Twx Tw Xqw

Y
= — Nu =
g kf(Tw - Too)

ol N g e

Cpy = (16)

where T, and Ty are the shear stresses surface in the x and y directions.
The surface heat flux is denoted as g, and mass transfer j, is defined as

o]t (),
wx yhnfaz Z=O, wy thfaz Zzolq hnf Z:O, Jw Dhnf 0z 2=0

From the above equations, the skin friction, Sherwood, and Nusselt numbers are

VR = — L0 @
Refox T =S a—g) (x/y)@ny =425 (1= %> a8)
Nuy _ _ws 6'(0) Shy _ _ X' (0)

VRex VRer T (1-91) 7 (1-p)*"

2 % .
where Re = % is Reynolds number.

3. Numerical Procedure and Validation of Code

The reduced equations as stated in (10)—(13) and boundary conditions (14) and (15) are
numerically tackled with the help of a well-known numerical approach i.e., Runge-Kutta—
Fehlberg-45 order. To obtain the numerical solution, the following steps are followed.

Convert the BVP into IVP of the first order.

Apply the shooting procedure to guess the missing boundary values.

Apply the RKF-45 method to obtain the solution to IVP.

Find the residuals for all the boundary conditions.

If the residual error is greater than the error tolerance, adjust the initial guesses.
If the residual error is less than error tolerance, numerical results are obtained.

o G W=

Let us consider

=(1-¢1)"°(1—¢)*°,
Az—{1—4’2 1—¢’1)+¢1psl} 4’p52
$2)

(1=¢2)(1—¢1) + 1 pc) }+¢2

1 fl="0,f" =03
04,8 =05,8" =Y
600" — O

09, X' = 019

pc ;7)
(pcp) f

P
||

8 = —A Ay (191193 T30, — 02 + 1) (19)

196/ = —A1A2(191196 + ¢y — Cl952 + C) (20)
198/ = —PrA3kf(l91198 + cdg04 + Sl97)/khnf (21)

1910/ = — SC191191() +c SC1910194 - :B SC(l + 5197)"Exp i 199 /Al (22)
1499,
and
92(0) =0, 95(0) =0, 91(0) =0,
84(0) = 0, 87(0) = 1+ A1 85(0), 85(0) =1 (23)
& 93(0) = ¢1,96(0) = ¢2,810(0) = &3
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The algorithm for the numerical procedure (Figure 2) and RKF-45 scheme ([30-32]) is

given as follows.

BVP

|

Reduce the BVP into IVP

Make a guess for missing initial
conditions

Using RK-45
method to find the «—— Modlf:;vslgelglllal
solution for 9
I\iP | ’
Find the

residuals
of all boundary
conditions

7N
\

If, N
7 . ’ True
{_residuals > error >

\_ tolerance
. /

% /
N

False

Final Results

Figure 2. Numerical flow chart.

In the RKF-45 method, each step uses the following values:
51 = f(xzfy1>
82 Zf(xl + 1hyi+ sl)hl
s3=f(xi+3h,yi+ 5551+ 5552)
sa=f(xi+ Bhoyi+ Bisi — s + Fiss )
ss = flxi+hy+ %%251 48105454 —8sy + 356183053)h1

YO T 11, 3544 1859
s6 = f (i + 31, yi — 351+ 252 — IS5 — 32555 — 410454)h1

Then, using a Runge-Kutta technique of order 4, an estimate of the I.V.P. result is

generated.
1 2197 1408

25
Vit Vit 516% T 5% T goa™ T 2565
The Runge-Kutta technique of order 5 is given by

16 2 9 28561 6656
2l = Vit 351t 5556 T 5055 1 5305 T 158553

The numerical results are validated with available previously published works (see
Gangadar et al. [33], Bhattacharyya and Gupta [34], Dinarvand [35], Bachok et al. [36]) and
those are found that best match each other in Table 2.
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Table 2. Numerical validation for various values of c in the absence of S, A, ¢1, and ¢».
Gangadar et al. [33] Bhatct;a:;; r}g:] and Dinarvand [35] Bachok et al. [36] Present Study
Parameter c c c c c
-05 0.5 -0.5 0.5 -05 0.5 -0.5 0.5 -05 0.5
mcfx 1.2302 1.2669 1.2312 1.2679 1.2325 1.2681 - 1.2681 1.2308 1.2675
VvRexC ry  0.0558 0.4991 0.0557 0.4993 0.0557 0.4993 - 0.4994 0.0555 0.4990
\I/\’%; 1.1227 1.2938 1.1235 1.3302 1.1237 1.3301 - 1.3302 1.1231 1.2979
4. Results and Discussion
The main aspect of the current section is to frame up the research, the influence of solid
volume fraction, heat source/sink parameter, activation energy, temperature difference
parameter, reaction rate, and Schmidt number. To understand this, the ODEs (9)—(12) with
the boundary constraints (13) are solved by applying the Runge-Kutta—Felberg-45 order
technique along with the shooting method. The thermophysical characteristics of water and
nanoparticles are represented in Table 1. Numerical validation of the present study with
existing works is provided in the Table 2. Computational values of f”(0),g”(0), —6'(0)
and —y’(0) are represented in Table 3 for diverse values of ¢. The computational values
of f7(0),g”(0), —6'(0) and —x’(0) with Pr = 6.2,n = 0.2,« = 0.5 and ¢ = 0.1 for saddle
point are presented in Table 4 and for nodal point are presented in Table 5.
Table 3. Computational values of £ (0),¢” (0), —6’(0) and —x’(0) for different values of c.
c £ (0) 5" (0) —0/(0) —x'(0)
—-0.5 1.127855 —0.102224 0.523666 0.551725
-0.2 1.123800 0.307432 0.521301 0.550452
0.0 1.130049 0.523008 0.524605 0.565968
0.2 1.140688 0.698789 0.530197 0.587699
0.5 1.161475 0.915078 0.540786 0.624976
Table 4. For nodal point, computational values of f”(0),g” (0), —6'(0) and —x’(0) with Pr = 6.2,
n=0.2, « =05and ¢; = 0.1.
$2 S ¢ Sc B E 1" (0) 8" (0) —0'(0)  —x'(0)
0.01 0.5 0.5 0.5 0.5 0.5 1.161475 0.915078 0.540786 0.624976
0.02 1.173017 0.924171 0.527588 0.631374
0.03 1.181275 0.930677 0.514390 0.637650
0.01 -0.5 0.5 0.5 0.5 0.5 1.161475 0.915078 0.634573 0.627710
0.0 1.161475 0.915078 0.591876 0.626489
0.5 1.161475 0.915078 0.540786 0.624976
0.01 0.5 0.0 0.5 0.5 0.5 1.161475 0.915078 0.857072 0.613593
0.5 1.161475 0.915078 0.540786 0.624976
1.0 1.161475 0.915078 0.395014 0.629594
0.01 0.5 0.5 0.1 0.5 0.5 1.161475 0.915078 0.540786 0.315530

0.3 1.161475 0.915078 0.540786 0.505093
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Table 4. Cont.
9 s 5 sc B E 0 g0 00 20
0.5 1.161475 0.915078 0.540786 0.624976
0.01 0.5 0.5 0.5 0.0 0.5 1.161475 0.915078 0.540786 0.521808
0.5 1.161475 0.915078 0.540786 0.624976
1.0 1.161475 0.915078 0.540786 0.716755
0.01 0.5 0.5 0.5 0.5 0.0 1.161475 0.915078 0.540786 0.703487
0.5 1.161475 0.915078 0.540786 0.624976
1.0 1.161475 0.915078 0.540786 0.579943
Table 5. For saddle point, computational values of f”(0), ¢” (0), —6’(0) and —x’(0) with Pr = 6.2,
n=02 a=05and ¢; =0.1.
$2 S 4 Sc B E f"(0) 8" (0) —0'(0) —x'(0)
0.01 0.5 0.5 0.5 0.5 0.5 1.127855 —0.102224  0.523666 0.551725
0.02 1.139063  —0.103240  0.511081 0.557363
0.03 1.147081 —0.103967  0.498476 0.563019
0.01 —-0.5 0.5 0.5 0.5 0.5 1.127855 —0.102224  0.624321 0.554988
0.0 1.127855  —0.102224 Not Converging
0.5 1.127855 —0.102224  0.523666 0.551725
0.01 0.5 0.0 0.5 0.5 0.5 1.127855 —0.102224  0.814850 0.539718
0.5 1.127855 —0.102224  0.523666 0.551725
1.0 1.127855  —0.102224  0.380486 0.511333
0.01 0.5 0.5 0.1 0.5 0.5 1.127855 —0.102224  0.523666 0.261420
0.3 1.127855 —0.102224  0.523666 0.437491
0.5 1.127855 —0.102224  0.523666 0.551725
0.01 0.5 0.5 0.5 0.0 0.5 1.127855 —0.102224  0.523666 0.422603
0.5 1.127855 —0.102224  0.523666 0.551725
1.0 1.127855  —0.102224  0.523666 0.659084
0.01 0.5 0.5 0.5 0.5 0.0 1.127855 —0.102224  0.523666 0.642921
0.5 1.127855 —0.102224  0.523666 0.551725
1.0 1.127855 —0.102224  0.523666 0.497428

From Table 4, it is detected that rise in value of ¢, upsurges the profiles f(0), g” (0),
—6’(0) and —x’(0). Nodal point region is an inclined function of ¢;. It is noted that skin
friction, Nusselt, and Sherwood numbers are also increased by increase in the solid volume
fraction but the in saddle point region, skin friction for f”(0) profile increases. Whereas
Nusselt and Sherwood numbers increase with a decrease in g” (0) profile, for all increasing
values, the heat source/sink parameter S, Nusselt, and Sherwood numbers decrease and
there is no variation observed in f”(0) and g” (0) profiles. The same observations are
seen in the saddle point region also. For the temperature difference parameter ¢, the
Nusselt number increases but the Sherwood number diminishes gradually. For saddle
point, Nusselt number decreases but variations are observed in Sherwood number. For
Schmidt number Sc, Sherwood number increases in both nodal and saddle point regions.
For reaction rate parameter 8, Sherwood number increases but decreases in activation
energy E parameter in both nodal and saddle point, flow can be seen in Table 5.
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Figures 3—6 illustrate the impact of special streamline parameter c over f'(1), §'(1),
6(n)andx(n) profiles. From Figures 3 and 4 it is detected that at saddle point, a rise in the
value of ¢ slightly increases the hybrid nanofluid velocity in both the profiles f'(17) & ¢’ (1) ,
and the same behavior is observed for nodal point also, but temperature and concentration
profiles show the opposite behavior, which is depicted in Figures 5 and 6.
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Figure 3. The curve f’() on c.
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Figure 5. The curve 6(77) on c.

1_

c=0.5,-0.2,00,0.2,0.5

Figure 6. The curve x(7) onc.

Figure 7 displays the impact of solid volume fraction ¢, over f’() profile. It is evident
from the figure that a rise in the value of the solid fraction ¢, increases the velocity f'(77) in
both the nodal and saddle points. From the physical point of interpretation, the addition of
Go nanoparticles increases the volume fraction, and velocity increases. The same behavior
is seen in the g’ (1) profile (see Figure 8). Moreover, it is noted that the velocity of the
nodal point is comparatively more than the saddle point. Figure 9 displays the impact of
solid volume fraction ¢, over temperature profile 8(7); as the volume of the solid fraction
increases, the thermal distribution continues increasing from the nodal stagnation point to
the saddle stagnation point. Figure 10 draws the impact of solid volume fraction ¢, over
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concentration profile x (7). As the volume of the solid fraction increases, the thickness of
boundary layer also upsurges, leading to a rise in the concentration of the hybrid nanofluid
from the nodal stagnation point to the saddle stagnation point.

1_

0.8+
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Figure 7. The curve f'(y7) on ¢;.
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Figure 10. The curve x(7) on ¢,.

Figure 11 validates the impact of heat source/sink parameter (S) over the thermal
gradient 6(77). S = (<0,0,>0) denotes heat sink, absence of heat source/sink, and heat source,
respectively. The existence of a heat sink acts as an exchanger, transmitting heat from the
surface into the hybrid nanofluid. Temperature is produced by the system in the presence
of a heat source. One can see from Figure 11 that as the heat source/sink parameter values
continue increasing, the thermal distribution also increases, because of an upsurge in the
thickness of the boundary layer. In the case of the heat sink, the thermal dispersion is low,
and the temperature is generated by the interface in the case of the heat source. In this
case, a heat source outperforms a heat sink in terms of thermal performance. In addition,
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it is evident from the diagram that thermal distribution is more in the saddle point than
the nodal point. Figure 12 displays the effect of temperature difference parameter ()
on thermal profile 6(77). Thermal distribution continues diminishing as the temperature
difference parameter values rise. The thermal difference in the saddle point is better than a
nodal point of flow.
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3 4
Figure 11. The curve 6(y) on S.
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Figure 12. The curve 6(y) on é.

Figure 13 provides the influence of Sc over x (7). The concentration curve continues
decreasing with the slight upsurge in the values of Sc. A similar behavior is observed in
both the saddle and nodal points of the flow. The same observation is seen for the reaction
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rate parameter 8, which is plotted in Figure 14. Figure 15 gives the impact of the activation
energy parameter E over the concentration profile x(77). One can observe from the figure
that the concentration curve continues increasing with the rise in value of E. The saddle
point flow exhibits more energy distribution than the nodal point flow.
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Figure 13. The curve x(7) on Sc.
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Figure 14. The curve x(7) on B.
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Figure 15. The curve x (1) on E.

5. Final Remarks

The key intention of this article is to draw out the behavior of sinusoidal radius activity
in stagnation point three-dimensional flow through a circular cylinder with the suspension
of hybrid nanoparticles. The best results are obtained by applying the RKF-45 method and
shooting method. Considerable outcomes of this study are given below.

e  Arisein the value of the streamline parameter upsurges the flow velocity and decreases
the thermal distribution and concentration.

e  Better thermal gradient and concentration are seen in the enhancement of volume
fraction.

e Boundary layer thickness and concentration are decreased with increase in the Schmidt
number.

e  Thermal distribution and concentration are more in the saddle point than in the nodal
point of a hybrid nanofluid.

Author Contributions: Conceptualization, ]. K.M. and N.A.S.; methodology, G.K.R.; software, G.S.R.
and N.A.S,; validation, B.C.P. and S.-].Y.; resources, N.A.S. and ] K.M.; data curation, G.S.R.; writing—
original draft preparation, G.K.R. and B.C.P,; writing—review and editing, N.A.S. and S.-].Y.; vi-
sualization, G.S.R.; project administration, G.K.R.; funding acquisition, S.-].Y., J K.M. and N.A.S.
contributed equally to this work and are co-first authors. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was conducted under the Technology Innovation Program (or Industrial Strategic
Technology Development Program—material part package type) as “Development of fire suppression-
type high safety module and demonstration of safety for future eco-friendly medium and large
secondary battery (No. 20015986)”, funded by the Ministry of Trade, Industry & Energy (MOTIE),
Republic of Korea.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Mathematics 2022, 10, 1185 16 of 18

Nomenclature

a*&b* Free stream dependent constants
c Gradient of streamline

C Concentration

Cw Wall concentration

Ceo Ambient concentration

Cp Specific heat

Crx& Cpy Skin friction along x and y direction
D Diffusivity

E Activation energy parameter

E, Activation energy

f Fluid

f(n) Dimensionless velocity

g(n) Dimensionless velocity

hnf Hybrid nanofluid

Jw Mass transfer

k Thermal conductivity

K2 Reaction rate

K Boltzmann constant

n Fitted rate constant

Nuy Nusselt number

Pr Prandtl number

Juw Surface heat flux

Qo Uniform heat source/sink coefficient
Re Reynolds number

51 Solid particle of Fe3Oy4

52 Solid particle of Go

S Heat source/sink parameter

Sc Schmidt number

Shy Sherwood number

T Temperature

Tw Wall temperature

Too Ambient temperature

uy &up Free stream velocity

u, v&w Velocity components

X, y&z Coordinate axis

Greek symbols

o Thermal diffusivity

U Dynamic viscosity

0 Density

v Kinematic viscosity

Cp Heat capacitance

0% Thermal slip

A Thermal slip parameter

) Temperature difference parameter
B Reaction rate

Twx Shear stresses surface in the x-direction
Twy Shear stresses surface in the y-direction
1 The solid volume fraction of Fe3Oy
¢ The solid volume fraction of Go
0(n) Dimensionless temperature

x(n) Dimensionless concentration
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