Alexandria Engineering Journal (2022) XXX, XXX—XXX

HOSTED BY

Alexandria University

Alexandria Engineering Journal

www.elsevier.com/locate/aej
www.sciencedirect.com

Flow of hybrid CNTs past a rotating sphere
subjected to thermal radiation and thermophoretic

particle deposition

G.K. Ramesh ™', J.K. Madhukesh”, Nehad Ali Shah ', Se-Jin Yook **

4 Department of Mathematics, K.L.E. Society’s J.T. College, Gadag 582101, Karnataka, INDIA

hDeparlment of Mathematics, Davangere University, Davangere 577002, Karnataka, INDIA

¢ Department of Mechanical Engineering, Sejong University, Seoul 05006, South Korea

dSchool of Mechanical Engineering, Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul 04763, Republic of Korea

Received 15 June 2022; revised 17 August 2022; accepted 11 September 2022

KEYWORDS

Hybrid nanofluid;
Carbon nanotubes;
Thermal radiation;
Thermophoretic particle
deposition;

Rotating sphere

Abstract Thermal radiation and thermophoretic particle deposition have important applications
in research and engineering. These two principles are employed in practical applications such as
electrical fuel, projectiles, thermal transportation, renewable energy, nuclear power plants, gas tur-
bines, and aerospace engineering. In light of the aforementioned applications, the current study
investigates the stagnation point hybrid CNTs movement around a rotating sphere in the existence
of thermal radiation and thermophoretic particle deposition. Using appropriate similarity factors,
nonlinear governing equations are converted into ordinary differential equations. The Runge Kutta

Fehlberg 45 (RKF-45) order and a shooting approach are used to find the numerical results of the
simplified equations and boundary conditions. The numerical findings are presented graphically. It
is explored how different limitations impact their individual profiles. According to the research, pri-
mary velocity increases with acceleration parameter but decreases with secondary velocity. As the
radiation parameter value increases, so does the thermal distribution. Concentration decreases as
both the Schmidt number and the thermophoretic parameter decrease. The heat dispersion rate
heightens as the percentage of volume fraction of solid and the radiation parameter increase. Mano
CNTs have a higher primary velocity than hybrid CNTs.
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1. Introduction

Due to its huge variety of relevance in biomedicine, thermal
exchangers, freezing of electrical devices, double windowpane,
food, shipping, and so on, the notion of nanoliquids has
become a broader subject for researchers in recent years. To
upsurge the thermal conductivity of common liquids such as
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Nomenclature
A Acceleration parameter f Fluid
Cw Well concentration SWCNT Single wall carbon nanotube
C Concentration ri(xy)  radial distance from a surface element to the axis
Coo Ambient concentration of symmetry
Cf., Cf. Skin friction along x&z directions Ruq Radiation parameter
D Diffusivity Re Local Reynolds number
fn) Primary velocity profile Sh Sherwood number
g(n) Secondary velocity profile Sc Schmidt number
k Thermal conductivity t time
k* Mean absorption coefficient T, Reference temperature
K Thermophoretic constant T Temperature
Nu Nusselt number Tw Wall temperature
Pr Prandtl number Tw For field temperature
q, Radiation heat flux Vn Thermophoretic velocity

Greek letters

p Density

v Kinematic viscosity

pCp Heat capacitance

a* Stefan-Boltzmann Coefficient
A Rotation parameter

n Similarity variable

Subscript

hnf Hybrid nanofluid

uy, vy, w; Velocity components
x1.01.z; The Coordinates of a sphere

Q1) angular velocity

0(n) Dimensionless temperature profile
7(n) Dimensionless concentration profile
u Dynamic viscosity

T Thermophoretic parameter

nf Nanofluid

MWCNT Multi-wall carbon nanotube

ethylene glycol, water, motor oils, and kerosene, various kinds
of nanoparticles such as silica, silver, gold, alumina, copper,
graphene, carbon nanotubes, and so on must be added to
the base fluids. In 1995, Choi [1] proposed the properties of
thermal conductivity and temperature distribution using
nanofluids. Here are some of the noticeable works on nano-
fluid. In the context of the darcy-forchheimer and lorentz fac-
tors, Rasool et al. [2] looked into the effects of Rosseland’s
radiative activity on a responsive maxwell nanofluid stream
across an isothermally warmed stretched sheet. In a Riga sur-
face with a heat source/sink, Madhukesh et al. [3] investigated
the nature of SWCNT/H,O nano sized particles and moving
microorganisms. Three distinct kinds of nano fluids were delib-
erated by Khan et al. [4] using the C-C heat flow model and the
OHAM evaluation. Stalin et al. [5] examined the thermal char-
acteristics of CeO,/water-based nanofluids for thermal trans-
port applications. In the influence of chemically reactive
activation energy, Madhukesh et al. [6] investigated the Bio-
Marangoni convection movement of Casson nano liquid
across a porous medium. Hybrid nanofluids are a unique class
of colloidal fluids that have piqued the interest of researchers
due to the possible customization of their thermo-physical
characteristics for heat transfer augmentation by combining
more than one nano-additive to fulfill specific application
needs. A hybrid nanofluid improves heat transmission more
than a mono-nanofluid, which is significant in applications
where temperature distribution is critical, such as electronic
cooling, heat exchangers, pool boiling, and so on. Recently,
Ramesh et al. [7] investigated crosswise and streamwise aspects
of activation energy and covalent bonding procedure in the
movement of a hybrid liquid over a heated plate. Magneto

hydrodynamic flow of Cu-AlI203/Water based hybrid nano
liquid flow in a permeable channel was examined by Das
et al. [8]. Salehi et al. [9] examined hydrothermal examination
of MHD squeezing mixed liquid suspended with hybrid nano
sized particles among two equivalent plates. Nayak et al. [10]
inspected thermofluidic consequence of non-Newtonian liquid
with hybrid nano structures. Cross hybrid nanofluid hydro-
magnetic flow and thermal interpretations impacted by three
kinds of thermal radiations for any Prandtl values were
inspected by Shaw et al. [11]. Hosseinzadeh et al. [12] deliber-
ated the entropy production in a 3-D Bédewadt movement of
water and hexanol type of base liquid containing Fe304 and
MoS2 hybrid nano sized particles. The bioconvection of a
radiating nano liquid via a fine needle in the context of a
heterogeneous-homogeneous chemical process was discussed
by Puneeth et al. [13]. A thermal investigation of a moving por-
ous fin saturated with a hybrid nano liquid and having concave
parabolic, trapezoidal, and convex cross sections were made by
Hosseinzadeh et al. [14].

Because of their large surface area and high absorbance
capability, carbon-based nanoparticles can make significant
contributions to the environment and agriculture. Carbon-
based nanoparticles are classified into different categories
based on the form of the nanoparticles, which might be spher-
ical or ellipsoids, spires, or tubes. Depending on the number of
concentric films of folded graphene surface, CNTs are further
classified as single-wall carbon nanotubes (SWCNTs) or multi-
wall carbon nanotubes (MWCNTs). Many works are carried
out on the concept of carbon nanotubes. Recently, the Simul-
taneous impact of the hall and wall properties in peristaltic
convective carbon-water flow exposed to soret and Dufour
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phenomena were investigated by Hussain and Muhammad
[15]. Igbal et al. [16] conducted a computational investigation
of the effect of carbon nanotubes on heat transfer in MHD
nanofluid flow across a stretchy spinning disc. Madhukesh
et al. [3] deliberate the behavior of water-carrying SWCNT
nanomaterials and moving microorganisms over a Riga sur-
face with a heat source/sink. Different base fluids suspended
by CNTs hybrid nanoparticles over a vertical circular cylinder
with a sinusoidal radius were investigated by Gholinia et al.
[17].

Thermal radiation (T-R) is electromagnetic radiation
released by a substance as a result of its heat, the properties
of which vary on the temperature of the material. Thermal
radiation heats up by raising thermal diffusivity. The outcomes
of thermal radiation are often used in commercial and high-
temperature applications such as electrical energy, food, solar
energy panels, projectiles, nuclear power plants, gas turbines,
and aerospace engineering. Thermal radiation effects may be
crucial in maintaining heat transfer in the polymer processing
industries, where the final product’s quality is altered by heat-
controlling variables to some extent. The influence of radiation
and magnetic field on the optimization of hybrid nanoparticles
with mixed fluid flow in an octagonal porous media was
inspected by Hosseinzadeh et al. [18]. Gireesha et al. [19] scru-
tinized magnetized Carreau fluid movement over a penetrable
sensor surface with T-R, joule heating, and heat generation
effects. Hosseinzadeh et al. [20] inspected the Nano-
Bioconvective fluid motile microbe and nanoparticle flow
investigation using MHD and heat radiation. Shah et al. [21]
examined the numerical simulation of a thermally enhanced
EMHD flow of a heterogeneous micropolar mixture compris-
ing (60%)-ethylene glycol (EG), (40%)-water (W), and copper
oxide nanomaterials (CuO).

Thermophoresis is the movement of minute particles away
from a warmer object and toward a cooler one. The ther-
mophoresis mechanism alerts the system when micro-sized
constituents accelerate in the direction of dropping tempera-
ture gradients and are suspended in non-isothermal gas. The
importance of theoretical and experimental knowledge of ther-
mophoretic particle deposition cannot be overstated. TPD in
the flow of fluid plays a key function in a variety of industrial
and heat engineering applications such as air purifiers, pow-
dered coal burners, building ventilation systems, and heat
transfer. In the occurrence of T-P-D impact, Green and Lane
[22] and Fuchs [23] both described how to use the current
approach in practice. Goren [24] was the first to investigate
T-P-D. Raju et al. [25] examined the nonlinear movements
of axisymmetric ternary hybrid nanofluids in a thermally radi-
ated expanding or contracting permeable Darcy Walls with
different shapes and densities: Simple linear regression. Chen
et al. [26] explored T-P-D in the stream of a dual stratified Cas-
son fluid including a magnetic dipole and extended Fourier’s
and Fick’s equations. Shankaralingappa et al. [27] evalu-
ated the effect of T-P-D on the three-dimensional flow of
Sodium Alginate-based Casson nanofluid across a extending
surface.

For a variety of engineering activities, such as re-entry of
ballistic, fibre coating, motion of projectile, and designing of
rotating equipment, the rotational outflows and heat transfer
elements of a driven movement of stream across stationary
spinning bodies of circulation are significant. The heat transfer
across a liquid movement and a rotating sphere has various

technological uses, including overcoming freezing malfunc-
tions. A blood-based hybrid nano liquid’s mixed convection
stagnation point circulation around a revolving sphere was
studied by Gul et al. [28]. Malvandi [29] inspected the unsteady
movement of a nanofluid in a time-dependent spinning
sphere’s stagnation point region. In the stagnation point zone
of a revolving sphere, Anilkumar and Roy [30] explored into
the self-similar solutions of an inconsistent mixed convection
flow. Mahdy et al. [31] studied the Casson nano liquid’s
entropy assessment and unsteady MHD mixed convection
stagnation-point motion around a rotational sphere. Sarkar
and Kundu [32] discuss the impact of Hall current on the
MHD unsteady movement of nano liquid on a rotating spher-
ical body by considering solar radiation.

Based on the above-served literature, no work is done on
stagnation point hybrid CNTs flow over a rotating sphere in
the attendance of thermal radiation (T-R) and thermophoretic
particle deposition. The purpose of the current inquiry is to
discover the responses to the questions listed below.

1. What is the behavior of acceleration parameter over pri-
mary, secondary velocity, temperature, and concentration
profiles in the presence of SWCNT/MWCNT
nanoparticles.

2. When the thermal radiation constraint is improved, which
kind of thermal performance is observed.

3. How does the concentration profile respond to ther-
mophoretic constraint?.

2. Mathematical modeling:

Consider the incompressible, unsteady boundary layer flow of
hybrid CNTs impending the forward stagnation point region
of a persistent temperature rotating sphere in the presence of
thermal radiation and thermophoretic particle deposition
(Fig. 1). The xj coordinate is represented on the surface and
¥} is normal to the sphere. The sphere is rotating with angular
velocity around a diameter that is parallel to the ambient
velocity of the free stream (time-
dependent)Q(¢) = Bt~',B > 0. Before the time, the angular
velocity of the sphere has no motion in the fluid. It is presum-
able that the temperature close to the wall is constant. Addi-
tionally, the parameters for viscous dissipation are negligible
and the free stream and angular velocities rely on time in the

MWCNTf

Stagnation point

Fig. 1

Flow geometry.
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form ofu.(x}, 1) = x{Ar"',4 > 0.The hybrid CNTs are in the
thermal equilibrium state. 7y & T, stands for the temperature
at the sphere’s wall and its ambient temperature, respectively.
Also, for concentration it isCy&C,,. Based on the aforemen-
tioned premises, the problem is represented by the following
mathematical model: (see [28-32,33]).

8(r|u1):_8(r1v1) (1)
ox; o

%_‘_u %+v%— wl dll+u%+au‘+v
o laxy T oy d; " Coxt o M

azu

— 2

G5 )
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ny ; 3
8t+u18xi+vl(9yl ”8)/ (m)dx*[ (3)
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Subject to the initial and boundary conditions:

ul(ovxvvyT) = uli(xTvyT)’ V1(07XT7yT) = Vli(“YTayT)
wi (O,XT,}’T) = wlf(xTvyT)v (6)

T1(07XT7yT) = Tli(xT7yT)7 C1(07 xTayT) = Cll(xT7yT)
u(t,x7,0) =0, v (t,x7,0) =0, wi(t,x7,0) =Q(0)r,
TI(Z7XT70) = ’Tw:
wi(t,x7,00) =0, w(t,x],wr) = u(x], 1) = Ax}/t,
Tl(l,XT,OO): Ty, Cl(l‘,XT7OO):C3<,.

()
The thermophoretic velocity is defined using the work of
[33] as

T
VTI = fva*T“lg *l (8)

Here, K;&Tr‘l denotes thermophoretic constant and refer-
ence temperature.

The radiation heat flux term g, present in equation number
(4) is defined by the use of Rosseland’s assumptions as.

~Horiyon) %, ©)

In the above equation, the term T? is a linear function of
the temperature. By expanding the term T} up to infinity, we
get.

Ti =T, +4T (T -

2

— T+ (10)

Expect the first degree (T — T,) by disregarding the higher-
order components in the preceding equation. we obtain.

TI ~4T T, — 3T, (11)

T..)+ 6T (T,

Substituting in the ¢, expression, we obtain.
o T
k*

4 =—— (8T1/8 1) (12)

By substituting the above expression into equation (4). It
reduces into.

ory  OT 0T _( kw16 o'T, \OT (13)
ot axT ayT (pC )/mf 3 k* (pC )/mf ay
nrx, o E=1, n:ﬁyﬂ w="ig(n)
" ! (14)
Y= Ax;(4) ), 0 = 7=, a(n) ===

The thermophysical properties of CNTs are given as (see
[34,35)).

(1 - ¢ )725
o = g
Phnf = P2Pywent + {(1 —¢)ps+ ¢1PSWCNT}(1 )
(pC )/mf b, (pCI’)MWCNT

+ {(1 - ¢1)(pcﬂ)/+ ¢1 (pCP)SWCNT}(l - ¢2)

kmwent kymwent kg .
klmf _ 2¢, (kMW(‘NT*knf> In ( ks + (1 ¢2)
ky Ky kmwent+Hky .

" 2¢2 kymwent—kny In 2k, + (1 ¢2)

kswen kswent+k,
by 200 () n (g 4 (- g)

ko 2¢, (kwc/;r—k) In <kswézf+kf> +{1=4)

After simplification of governing equations, we obtain.

Y +AA2[I’ A+ (G +/4) + AU +1)—1}

=0 (15)
¢+ Aids[g(1 —247) +g (4 +14)] = 0 (16)
khnf 4Ra(/ 9_//

(kf+ 3 )A3+P0[ +fA] (17)
N M /! N

7+ S [+ 4] = wSe(xt + 70) = 0 (18)

The transformed boundary conditions become:

=0, /=0, 0=1, y=1
f / x } (19)
0=0, =0, g=0

at n=0: g=1,
as §—oo: f=1,
Where-

Ar=(1-¢)(1—¢,)"

Ay = ‘b?ﬂﬂ;{}:V(”VT + {(1 _ ¢1) + ¢|pi}»:'(-.w}(1 _ ({bz),'

o =2 pn {1 g) 4 20l 1 - ),

2 . . .
A= (ﬁ) Rotation parameter, A is acceleration parameter,

A
Pr:”’,ﬁ Prandtl number, Sc:l‘)l/ the Schmidt number,
T,,) Ther-

ks

Ry = 4,{,* radiation parameter, T = —K} T (T, —
mophoretic parameter.
The skin friction along the x&z direction is given as.
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Table 1 Thermophysical features of base liquid and CNTs (see [29,30]).

(kg K) k(W /mK) Pr plke/m)
SWCNT 425 6600 — 2600
H,O 4179 0.613 6.2 997.1
MWCNT 796 3000 — 1600

Table 2 Comparison off’(0),—g'(0) and —6'(0) for numerous values of 4 in the absence of¢,, $,& Ry

Malvandi [29] Present study Malvandi [29] Present study Malvandi [29] Present study
A 7(0) 1"(0) —¢'(0) —g'(0) ~0'(0) —0'(0)
0.5 0.79913 0.79921 0.30339 0.30354 0.467648 0.467656
1 1.2828 1.28232 0.64579 0.64585 0.589527 0.589536
2 1.9172 1.91845 1.05415 1.05427 0.779526 0.779538

Table 3 Computational values ofCx,Cr,Nu and
constraints(¢, = ¢, = 0.01).

Sh for hybrid CNTs with various values of dimensionless

A Rua Sc T A (& Cr Nu Sh
1 1 0.8 0.1 1 2.216533 1.761552 9.712996 1.728027
3 2.458457 2.523033 9.738541 1.734902
5 2.694552 3.126915 9.762932 1.741453
0.5 2.216533 1.761552 9.529410 1.815085
1 2.216533 1.761552 9.712996 1.728029
1.5 2.216533 1.761552 9.903250 1.676001
0.8 2.216533 1.761552 9.712996 1.728027
1.0 2.216533 1.761552 9.712996 2.092115
1.2 2.216533 1.761552 9.712996 2.455438
0.1 2.216533 1.761552 9.712996 1.728027
0.3 2.216533 1.761552 9.712996 2.2778717
0.6 2.216533 1.761552 9.712996 3.108938
0.5 1.196893 0.968653 9.423777 1.615144
1.0 2.216533 1.761552 9.712996 1.728027
1.5 3.180637 2.492087 9.989700 1.828279

Cfx ,U/mf (314) _ @Cf}c :f”(o/)la’o.s

pfu(z’ ay y=0 1
- b (0 —0.570.5
of = - l‘//<“) H4/_R6Cf::,g()[#
p/”g 3)’ =0 A,

Nusselt number and Sherwood number are given as.

16 T3 (or
2 5) (5) v

Nu = 7
! k/( Tw - Too) - vV Re

k /

- - (ﬂ + = 4 R(l(l) 0 (O)
k/ d
aC
o —xDy (7)} 0 Sh — (0)d
(C Coo) V Re :

Here, Re = Ve "4,x* is the local Reynolds number.
3. Numerical scheme and validation:

We turn the reduced ODEs into first-order initial value prob-
lems to find the numerical results for the reduced ODEs with
boundary conditions. By the use of the shooting method to
deduct the missing boundary conditions and then the numeri-
cal solution is obtained by applying Runge Kutta Fehlberg 45
order practice with step size 0.1 and error tolerance 10°°.

Let us take,

fl: ]“17f:]“27f’:]“3

g=T4¢ =T5
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Table 4 Computational values of Cy.,Cr-,Nu and Sh for Nano CNTs with various values of dimensionless constraints(¢, = 0.01).

A Rua Sc T A Cre Cr Nu Sh
1 1 0.8 0.1 1 2.177061 1.732312 9.724379 1.752239
3 2.413511 2.480825 9.748143 1.759065
5 2.644310 3.074245 9.770851 1.765572
0.5 2.177061 1.732312 9.544053 1.857985
1 2.177061 1.732312 9.724379 1.752242
1.5 2.177061 1.732312 9.913609 1.691759
0.8 2.177061 1.732312 9.724379 1.752239
1.0 2.177061 1.732312 9.724379 2.122268
1.2 2.177061 1.732312 9.724379 2.491518
0.1 2.177061 1.732312 9.724379 1.752239
0.3 2.177061 1.732312 9.724379 2.349376
0.6 2.177061 1.732312 9.724379 3.251597
0.5 2.177061 1.732312 9.724379 2.950061
1.0 2.177061 1.732312 9.724379 4.464578
1.5 2.177061 1.732312 9.724379 5.993214
0="T¢0 =T, the numerical method is validated by the prevailing available
literature (see Table 2). The impact of various constraints on
1=Ts, 7 =Ty the engineering factorsCf,,Cf., Nu and Sh are presented in

Iy = (44 [/ - a¢)? +‘f”(g +fA) + AT+ 1) - 1))

(24)
T = — A Ay [Ty(1 = 24T%) + T2+ T4 (25)
khn/ 4Rad n
o . i
r, = PrAg/( PR >r7 [2+1“1A)} (26)
I, = —Scy [g n FIA] — 1Se(TsT, + Toly) (27)

The transformed boundary conditions become:
rl(o) = 07 FZ(O) = 07 r3(0) = Ql7r4(0) = 17 FS(O) = QZ ) }
I'6(0) =1, T7(0) =Q;,I5(0) =1,T4(0) = Q4
(28)

A comparison with available outcomes for the skin-friction
coefficient /”(0) for ¢,, ¢,& R, are absent, with the results of
Malvida [29] for several values of A is made and shown in
Table 2 in order to validate the methodology used in this study
and assess the accuracy of the current analysis. This exhibit a
good level of agreement, which inspires confidence in the accu-
racy of the numerical results.

4. Results and discussion:

The influence of numerous dimensionless constraints that con-
trol the temperature, velocity and concentrations over a rotat-
ing sphere in the attendance of hybrid carbon nanotubes with
stagnation point, thermal radiation and thermophoretic parti-
cle deposition is analyzed in the present section. The thermo-
physical features of base liquid and CNTs are shown in
Table 1. The set of ODE:s is solved numerically with the help
of the RKF-45 process with the shooting procedure. The
obtained results are shown with the help of graphs and also

Table 3 and 4.

Fig. 2 displays the increasing velocity profile for increas-
ingA. The reverse behaviour is seen in the case of the sec-
ondary velocity profile (see Fig. 3). As the acceleration
constraint enhances, it enhances the u;, increases velocity in
the adjacent axis within the boundary layer as the thickness
of the momentum boundary layer decreases. Thermal distribu-
tion declines as the acceleration constraint enhances is dis-
played in the Fig. 4. Heat flow also decreases as the thermal
boundary layer’s thickness decreases. The similar behaviour
is also seen in the case of concentration profile (see Fig. 5).
It is observed from the Figs. 2-4 that, in primary velocity pro-
file nano CNT shows higher velocity than that of hybrid
CNTs. The secondary velocity, thermal distribution and con-
centration is more in hybrid CNTs than single CNT.

The nature of rotational constraint A on /' is exemplified in
the Fig. 6. As the values of 1 enhances the primary velocity is
also improves. This is due to an increase inA, which injects
more momentum into the boundary layer and accelerates the
fluid. It is seen that velocity of the single CNT is more than
hybrid CNTs.

The effect of radiation constraint R,; on thermal profile is
shown in the Fig. 7. Improvement in the R,, will extends the
thermal delivery. In physical view, implementation in radiation
constraint diminishes the &* which leads to the fact that, the
radiative thermal flux indices and radiative heat transfer rates
into the fluid will improve as a consequence. The thickness of
the thermal boundary layer is noticed due to enhanced radia-
tive thermal transmission. Rosseland’s diffusion approach
for the given radiation advances the temperature of the liquid.
It is observed that thermal distribution is more in case of
hybrid CNTs than single CNT.

The discrepancy of concentration profile in the presence of
Schmidt number Sc is portrayed in the Fig. 8. The Sc in fluid
flow is the ratio of mass and momentum diffusivity. The con-
centration profile declines as a result of molecular diffusion as
the value of Sc falls. The similar variations are observed in the
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Fig. 2 Change in / for variation ofA4. Fig. 4 Change in 0 for variation ofA4.
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Fig. 3 Change in g for variation ofA4.

case of thermophoretic constraint also (see Fig. 9). As 7 rises,
the temperature gradient shifts, causing nanoparticles to move
from a hot to a cool zone. In both the cases, the concentration
of hybrid CNTs are more than that of single CNT.

Fig. 10 illustrates the influence of rotational parameter 1 on
Cf, for various values of solid volume fraction¢,. Rise in the
values of ¢, and A will upsurges the Cf, This is due to increase
in the ¢, and A will diminishes the boundary layer thickness,
results in high surface drag force is seen. The same trend is
observed in Cf, case also (see Fig. 11). The rate of thermal
transfer will enhance with enhancement in solid volume frac-
tion and radiation parameter (see Fig. 12). The improvement
in ¢, will enhances the boundary layer thickness and improve-
ment in R,; will enhances the Rosseland’s diffusion approach.
The rate of thermal distribution thus improves. Fig. 13 implies
the variation rate of mass transfer in the presence of ¢, and ©
parameter. As the values of t improves, the rate of mass trans-
fer declines due to the presence of temperature gradient.

Solid : SWCNT-MWCNT/H,0
Dash : SWCNT/H 20

= 4
=
|

-

P

Fig. 6 Change in f for variation ofZ.



Fig. 9 Change in y for variation ofx.

8 G.K. Ramesh et al.
1 . . . 3 T X T T
Solid : SWCNT-MWCNT/H_o I ¢, -00" [ ¢, =003 [ ¢, =005
2
0.9 Dash : SWCNT/H,0 1
25
0.8 1
0.7 ]
2
0.6 A b
5 N\
— \M 4 o5
s05 RN 515
0.4 AR R,4=05,1,15 ]
AR
\ A\
0.3 AN 1 L
WA
0.2 A\ ]
¥ AN NS 05
0.1 N 3 \\ > : =L -
0 : T
0.5 1 1.5 2 0 ! X 3
n
A
Fig. 7 Change in 0 for variation ofRq,. Fig. 10  Variation of Cf, on A for change in¢,.
35 : ; .
1 T . . T . s, -00" ¢, =003 [ ]#,=005
Solid : SWCNT-MWCNT/HZO
0.66 L
091} Dash : SWCNT/H,0 1 3
08F 0.64 i
25
0.7k 0.62 J
0.6 06 | 2
“_N
—_ o
Sos5f 0.58 i
02 022 024 026 028 15
0.4 1
Sc=08,1,1.2 ;
0.3 s
0.2 b 0.5
0.1 1
0
0 i i 1 2 3
0 0.5 1 15 2 25 3 A
]
Fig. 11  Variation of Cf, on A for change in¢,.
Fig. 8 Change in y for variation ofSc.
- - - : ; : : :
1 T - . ; ; 6, =001 6, =003 ¢, =005
Solid : SWCNT-MWCNT/H,0 -, L 2
0.9\ Dash : SWCNT/H,0 04 I 7
0.8+ - 6
0.7 H
5
06 i
—_~ =
S05F 055 - z4
7=0.1,0.3,0.6
0.4 1 3
0.3 s
2
0.2 b
1
0.1 1
0 | | I 0
0 0.5 1 1.5 2 25 3 0.8 1 12 1.4 1.6 18 2 22
7 R ad

Fig. 12 Variation of Nu on R, for change in¢,.



Flow of hybrid CNTs past a rotating sphere subjected to thermal radiation and thermophoretic particle deposition 9

3

B, -0 ;=00 [IY, =00

25

15

Sh

0.4

Fig. 13  Variation of Sk on 7 for change in¢,.

Fig. 14 is drawn to show the streamline pattern in the absence/
presence of acceleration constraint.

5. Conclusion

In the current investigation, we discussed the stagnation point
hybrid CNTs flow over a rotating sphere in the attendance of
thermal radiation (T-R) and thermophoretic particle deposi-
tion. The RKF-45 method is used to calculate the flow control-
ling equations using the bvpdc MATLAB programme. The
numerical data is graphed to demonstrate how the different
dimensionless parameters change along with their respective
profiles. The key discoveries of the current work are as follows:

1. Primary velocity increases as the acceleration constraint is
increased, while secondary velocity decreases.

2. Thermal distribution is increases as radiation parameter
enhances. Further, hybrid CNTs shows greater thermal
performance than single CNT.

3. The primary velocity will improve as the rotational con-
straint increases.

4. The concentration profile shows declination in the occur-
rence of thermophoretic particle deposition. Also, concen-
tration is more in hybrid CNTs than that of single CNT.

S. Surface drag force enhances in both Cf, and Cf, profiles
with upsurge in the solid volume fraction and rotational
constraint.

6. Thermal distribution rate improves with escalating the solid
volume fraction and radiation constraint whereas mass
transfer rate declines in the accurance of thermophoretic
constraint.

7. Hybrid CNTs shows greater impact in thermal and concen-
tration profiles while single CNT shows dominant role in
velocity profile.
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