energies

Article

A Numerical Analysis of the Hybrid Nanofluid
(Ag+TiOz+Water) Flow in the Presence of Heat and
Radiation Fluxes

Asad Ullah *(, Nahid Fatima 207, Khalid Abdulkhaliq M. Alharbi 3(9, Samia Elattar (9, Ikramullah °

and Waris Khan °

check for
updates

Citation: Ullah, A.; Fatima, N.;
Alharbi, K.A.M.; Elattar, S.;
Ikramullah; Khan, W. A Numerical
Analysis of the Hybrid Nanofluid
(Ag+TiO,+Water) Flow in the
Presence of Heat and Radiation
Fluxes. Energies 2023, 16, 1220.
https:/ /doi.org/10.3390/en16031220

Academic Editors: Suvanjan
Bhattacharyya, Kashif Ali Abro

and Basma Souayeh

Received: 14 December 2022
Revised: 11 January 2023
Accepted: 14 January 2023
Published: 22 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Mathematical Sciences, University of Lakki Marwat,

Lakki Marwat 28420, Khyber Pakhtunkhwa, Pakistan

Department of Mathematics and Sciences, Prince Sultan University, Riyadh 11586, Saudi Arabia
Mechanical Engineering Department, College of Engineering, Umm Al-Qura University,
Makkah 24382, Saudi Arabia

Department of Industrial & Systems Engineering, College of Engineering,

Princess Nourah bint Abdulrahman University, P. O. Box 84428, Riyadh 11671, Saudi Arabia
Department of Physics, Kohat University of Science & Technology,

Kohat 26000, Khyber Pakhtunkhwa, Pakistan

Department of Mathematics and Statistics, Hazara University,

Mansehra 21120, Khyber Pakhtunkhwa, Pakistan

*  Correspondence: asad@ulm.edu.pk

Abstract: The hydrothermal characteristics of (Ag+TiO,+HO) hybrid nanofluid three dimensional
flow between two vertical plates, in which the right permeable plate stretches as well as rotates, are
investigated by employing varying magnetic, heat and radiation fluxes. The motion is governed
by coupled PDEs (nonlinear) obeying suitable boundary conditions. The PDEs coupled system is
transformed to a coupled set of nonlinear ODEs employing appropriate similarity transformation
relations. The resultant equations are numerically solved through the bv4c solver. The impact of
the changing strength of associated parameters on the flow is investigated graphically and through
tables. It has been found that the velocity gradient and velocity initially increase and then decrease
with increasing Grashof number values in both the suction and injection cases. The enhancing
magnetic field first augments and then lowers the velocity gradient in the presence of radiation
source of maximum strength. The increasing strength of injection parameter drops the velocity. The
temperature distribution in the fluid increases with the increasing Eckert number, radiation flux
and heat strength and nanomaterial concentration, and depreciates with the enhancing injection
parameter values and Prandtl number. The Cfy increases with a higher magnetic field magnitude and
nanomaterial concentration, and declines with an increasing Grashof number. The results obtained
are compared with the available literature in the form of tables.

Keywords: symmetric flow; energy loss; thermal hybrid nanofluid; heat transfer; nanoparticles;
magnetic field; bv4c

1. Introduction

The study of energy transfer finds importance and applications in almost every field
of science and technology. The transfer of thermal energy takes place due to either con-
duction, convection, or radiation, or a combination of these processes. In conduction, heat
energy transfers due to direct contact, while in convection, the accumulative motion of
fluid particles causes heat energy transfer. Thermal energy also transfers from one point to
another point in the form of electromagnetic waves; this mode is termed radiation. The
fluids which are employed ordinarily for thermal energy transport through convection
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mode are ethylene glycol, ethylene, water, etc. Such fluids have poor heat energy trans-
port capability. The heat energy transfer capability of these fluids may be augmented by
mixing particles of suitable nature and size. If the dimension of these mixing particles are
of nanometer range and of metallic nature, then their mixing with the usual fluids can
enhance the radiant energy transport capacity very significantly [1,2]. The fluid which is
formed by merging the fluids with nanomaterials are known as nanofluid. This fascinating
idea was initially presented by Choi [3]. The different physical and thermal characteristics
(such as heat capacity, thermal conduction, and viscosity) of nanofluids depend highly
on the associated nanomaterial’s attributes, such as size, nature, and temperature, and
concentration of the ordinary fluids. Researchers globally have examined heat energy
transport capacity under a variety of restrictions to model the dynamics of these innovative
fluids [4,5]. Nanofluids have extensively been used in solar energy systems [6,7], heat
energy exchangers [8-10], freezing phenomena [11], and energy transfer due to electro-
magnetic waves [12-14]. Mebarek-Oudina [15] examined the thermal energy properties of
nanofluids by employing different types of usual fluids. Muhammad et al. [16] numeri-
cally modeled the magneto-hydro-dynamic (MHD) flow of nanofluid by considering the
motile microorganisms and slip effects. Nahid [17] studied nonlinear equations by using
perturbation methods. The Darcy—Forchheimer flow from a curved body of a nanofluid
was studied by Sajjad et al. [18] analytically. Nanofluid motion through variable-induced
flux via a model of second-grade fluid was studied by Ambreen et al. [19]. Qasim et al. [20]
analyzed ferrofluid flow by considering the flux of heat and velocity slip effects though
a stretching cylinder. Afridi and Qasim [21] studied numerically the entropy generation
inside the dissipative 3D flow. Qasim [22] studied the heat and mass transfer analysis of
Jeffrey fluid though a stretching surface. He reported that the thermal boundary layer
declines with the larger values of the wall temperature and sink parameter. A recent study
of nanofluids was undertaken in references [23-27].

In recent times, enormous interest has developed in investigating the heat energy
transfer attributes of hybrid nanofluids (HNs). These fluids are formed by intermixing
nanoparticles of different kinds in host fluids. Hybrid nanofluids posses improved and
distinct thermophysical properties in comparison with ordinary nanofluids. To date, differ-
ent types of hybrid nanoliquids have been developed [28-30]. The research work shows
that HN's are more prominent and versatile in comparison to single-component nanoflu-
ids. Suresh et al. [31] analyzed the thermal properties of an HN obtained by merging
alumina and copper nanoparticles with the host fluid, employing a two-step technique.
Chamkha et al. [32] undertook a study of the distinct characteristics of time-dependent con-
jugate migration of (Cu+Al,O3+H,0) an HN using a triangular enclosure. They claimed
a sufficient increase in the HN convective transport of heat energy. Momin [33] experi-
mentally analyzed the HN laminar and mixed convective flow through an inclined tube.
Qadeer et al. [34] studied numerically the entropy optimization for a 3D HN squeezing
flow. Their results show that with larger values of the magnetic parameter and Eckert
number, both the temperature and entropy produced are boosted. The friction parameter
and thermal energy transfer properties of (MWCNT+Fe3O4+H,0) HN were studied by
Sundar et al. [35]. The energy transport rate was investigated by Ghachem et al. [36] by
employing a hybrid nanofluid using a heat exchanger. Lund et al. [37] examined the impact
of viscosity on (Cu+Al,O3+H,0) HN migration over a squeezing surface by performing
a stability analysis. Suresh et al. [38] studied (copper + alumina) nano-powders for the
efficient operation of thermal energy system. They used host fluid as water. Afridi et al. [39]
analyzed the Cu+Al,O3+HyO and Cu+Al;O3z+kerosene oil hybrid nanofluids (HN) numer-
ically. The impact of various parameters such as Eckert number on the state variables was
analyzed, and the study further suggested that the thermal boundary layer thickness is
higher compared to conventional fluids. Usman et al. [40] studied the Cu+Al,O3+H;O HN
migration from a perforated enclosure, considering the impact of variable thermal conduc-
tion rate and a source of radiation, using the least squares method (LSM). A numerical study
of the impacts due to (MWCNT+Fe30,4+H,0) HN motion through a corrugated channel
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with distinct cooling (heating) sections was undertaken by Mohebbi et al. [41] applying
LSM. Minna et al. [42] presented a thorough review by discussing the development of HNs
and their applications.

This manuscript is concerned with the radiant energy transport properties of
(Ag+TiO+H0O) HN flow between vertical plates, considering the effects of changing
magnetic flux, heat energy and radiation sources. The right side plate is permeable, rotates
with Q) (angular velocity), and stretches with U,. The investigation may find enough
importance in the system for the transfer of energy using HN. The article is arranged as:
The flow of the chosen HN is assumed between plates in which one of the plates (the
right one) is rotatory, permeable and stretching in the presence of variable magnetic field,
radiation and the heat source. The problem is mathematically structured by PDEs which
are nonlinear and coupled in Section 2. A simple and soluble system of ODEs is then
obtained via similarity relations in Section 3. The resultant ODEs are numerically tackled
through bv4c in Section 4. The results are discussed through graphs and tables in Section 5.
A summary points of the investigations is presented in Section 6.

2. Problem Formulation

Consider the chosen HN (Ag+TiO,+H,0) motion through two vertical plates in the
state of magnetic flux, thermal energy source and nonlinear radiation flux. The right plate
of the configuration is rotating with () around the y-axis, and is permeable. Furthermore,
the right wall is stretching with velocity U, = x(1 — Jt)_l, with xt < 1; here, 6 and
x are constants. The no-slip condition is not taken into consideration due to thermal
equilibrium between the base fluid and nanoparticles. A time-varying magnetic field
(B(t) = Bo(1 — 6t)~9%) is acting orthogonal to the fluid motion. The flow is assumed to be
incompressible and the pressure due to the fluid migration and the rotating wall is neglected.
The velocity near the wall is V;, and corresponds to the injection/suction case for positive
and negative values of the parameter, respectively, as shown in Figure 1 [43,44]. Various
impacts, for example, viscous dissipation and Coriolis effect, are taken into consideration
in the fluid motion.

Stretching Surface

Th

Figure 1. Problem geometry.

Keeping in view these assumptions, the given problem can be modeled as [44—46]:

le+0y+wz - 0, (1)
o B2 (¢ v

Png (e + utix + vty + 20w ) = —px + Py ( Uax + thyy ) — L(z)u —l—g(pﬁ)hnf(T —Tw) — <u, 2)
(1+m2) K
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(0C) Vg (Tt + T + 0Ty + T ) = iy (Tex + Ty + Tz
®)

g (2[4 0 0] 4 02 422+ (we b)) + QT Te) —

Here, ppuf, Onnfs kinf, thnf, and (0Cp)py s are the HN properties, B(t) is the magnetic
field, and Qs is the radiant energy source. The flux g, of radiation is expressed as [43]:
Y 16 TLT o
dy  3ky oy’

here, k1 (0°) denotes the absorption coefficient (Stefan constant). Equations (1) to (5) satisfy
the following B.Cs [46]:

u=U, 9=V, w=0 T=T, at y=0,
u—0, wvs.—»0 w—0 T—>Ty, at y—h

@)

0.5
where, V;, = — (113(&) f(17) designates the flow at y = 0 and corresponds to injection

(suction/injection) subjected to V;, > 0 (Vi < 0). The properties of the nanoparticles and
the base fluid are given in Table 1, where as, different parameters of the HN components
are given in Table 2.

Table 1. Physical characteristics of silver (Ag), titanium dioxide (TiO,) and water [47].

. W K
Properties k(ﬁ) * (Fg) Cp (ﬁ)
Ag 429 105 235
Water 0.613 997.1 4179
TiO, 8.95 4250 686

Table 2. Mathematical relations for the computation of physical properties of HN [46].

Quantity Hybrid Models
. k Ko +k
Thermal Conductivity k”b';f = (1-®,) +2d, (kmlz{’izk — ) ln( "122;; bf )
ka — _ kml ] k"’1+ f
4 — 10200 o ()

Electrical Conductivity Thnf {1 + 3(%71)% ]
%f - Im Im
(522) (32 1)
Im
Bf [1 + ’ Tflil)@l ]
7 ) (e
Specific Heat (Pcp)hnf — |: _ ( _ ( _ (Pcﬁ>m1) ) (Pcﬁ>m2:|
P . ©Cp)y “ T,Z)f ==, ) 1) T 0266,
Viscosity V’; = W

= 1= (=) o]
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3. Similarity Transformations

Equations (1) to (7) are transformed by employing the similarity transformations [45]:

w= K p) 0= — () 0= T

(1—5t) 1— ot T T, —To
xx \05 X 05 ®)
w_*<1—5t) g(”)’”_y(u(l—ét)) '
Using (8), we have:

g ) - 2Kr g e - R Grpe — Ag(Lf" 4 )+ 0" =0 ©

2 € e2(1+m?) € 2 ’

n_ p€loe gy €1 L n . _
g RO (3= f8) + 2K fi—es a8+ A58 +8) ~ 108 =0, (10)
0" + Pre2 [ReSLfg' + EeSh (4f2 4 g7) + ——-ReQO] /(1 + R4y 4l —o0. (1)

€1€4 € €3 €7€3 3€ey 2

The boundary conditions transform as:

fn) =S, (n)=1,¢(n) =0,0(n)=1:n=0,

F17) = 0,8(7) = 0, £(17) = 0,0(7) = 0: 7 — 1. 12)

_ Phnf _ Heff — (0Cp)ins _ k Oy _ s
Here, €1 = oy € = it 3 = Cy)s ’ €4 = K/ €5 = o and Ay = % are constants,
. . Ty—Tw) . .
Yo = ;—é is the porosity parameter, Gr = W is the Grashof number, f = ﬂg—;f is
Qo 160° T}

the expansion (thermal) coefficient, Q = (Rd = —=") is the source or sink of heat

X(0Cp)s

. B3K? . . 2. .
(radiation), M = Uﬁfﬁf is the magnetic parameter, kr = % is the rotational parameter,
Cp)f . 22 2.
Pr = G k” )s is the Prandtl number, Ec = __PIY _ Fckert number, and Re = X s the
Prrf (PCp) f(Tw—Ty) vy

Reynolds number.

4. Numerical Solution

In the fluid flow problems, and especially in boundary layer equations, the homotopy
analysis method, Kellerbox method, Laplace transform, and shooting technique etc. are
widely employed for the the model equations solution. A brief survey on these types
of equations is presented by Verma and Mondal [48], by using the Casson fluid model.
Furthermore, Rai and Mondal [49] present a more detailed report on spectral methods.
Opyelakin et al. [50] present the Casson fluid problem by considering the quasi-linearization
technique with multi and bi-variations in the domain. In the literature, a bv4c Matlab solver
is very commonly used for solving nonlinear ODEs, especially in fluid mechanics. The
results obtained through bv4c as a special case give similar results to those obtained through
semi-analytical and numerical approaches. To use this technique, we first transform the
system of Equations (9)—(12) into the first order initial value problem (IVP). The transformed
system is then solved by applying bv4c. For this, assume that

f=v.f =y f =y, f" =vya8=v58 =y6,0 = y7,0' = y8 (13)
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2 €2 €
L crpun + Ao Tys +42) s )
—i—Rez GrB™ys + Ao (23/3 + yz) e (y2 + mys) fyoy3]
€ €
s = 8,95 = Yo o = R__ (yays — 135) — 27 Lo
M /] MZ (14)
‘|‘€55y5 — Ay (Eyé + y5) + W(myz — yS) + Yoys
€1

€€ €
v7 =0,y = s, v = —Pr-c> [REyry; + Ec L (493 + 1)
€1€4 €2 €3

€1 4Rd\ -1 i

and BCs are :
(15)

The system of Equations (13)—(15) is now solved by using bv4c Matlab code.

Important Physical Quantities

These quantities at the surface of the plate are defined as:

Nu,

CfcRe'/? = gty f1(0), —75 =
Rey

—khnfkgle’(o). (16)

5. Results and Discussion

This portion deals with the discussion and explanation of the results which are ob-
tained during the investigation through graphs and tables. These graphs and tables are
displayed by plotting the state variables with varying values of the pertinent parameters
of physical interest. These parameters include magnetic parameters, rotation parameters,
couple stress parameters, nanomaterials’ concentrations, radiation parameters, the Grahsof
number, the Eckert number, etc.

The variation of the velocity components with changing values of the the Grashof
number (Gr) is depicted in Figure 2. The selected Gr values are 0.0, 10, 20, 30,40, 50. This
figure consists of six subplots. The left panel from top to bottom shows f’(#) dependence
on Gr of the three different cases: (a) Injection (S = 1.0) (b) (S = 0.0) and (c) Suction
(S = —1.0). The right panel displays the variation of g(#7) with Gr for the same three cases
as the left panel. All these subplots show that the velocity components increases with
enhancing Gr for smaller 77 values, while they drop at # larger values. Physically, when the
temperature difference increases, it enhances the internal energy of the nanoparticles, and
as a result the Brownian motion pumps up, which causes an increase in the migration of the
fluid. The f’(5) variation is more prominent with increasing Gr compared to the variation
in g(17). Hence, the enhancing buoyancy associated with Gr values results in a velocity
upsurge near the hot wall, whereas opposite effects are observed at larger distances from
the hot wall.

The effect of changing magnetic field parameter M on the velocity components is
depicted in Figure 3. The parameter M values are 6, 8, 10,12, 14, 16. The subplots of the left
panel show f'(1) variation with varying M for the cases: (a) R = 1.0 (b) R = 0.0. and (c)
R = 0.5. The right column shows the variation of ¢(#) with varying M for the same three
cases. The left panel subplots display the enhancing strength of the radiation source change
the fluid velocity distribution. When R = 0, the augmenting values of M drop the velocity
component f’(77) near the boundary layer, while augmenting far away from the boundary
layer region. Physically, the magnetic parameter is applied orthogonally to the surface of
the fluid flow, as the magnetic field increases the current produced, which acts opposite to
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the fluid motion, and as a result the fluid velocity at the surface declines. As we move away
from the surface, this effect decreases and the magnetic field favours the fluid motion.

sl

14
o8
12
ok
1
008 —
08
= 01 1
z =
i =
0.15 T
—— G0 —
04t ——s=i0 02} ——o5=10 g
— o= — &m0
G0 b ——Gr=d 1
il Gres | [For 808
=t el [FoISTE [ Bpped™
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(e) ()

Figure 2. Influence of Gr on f’(5) for cases (a) S = 1.0 (¢) S = 0.0 (e) S = —1.0, and influence of Gr
on g(#) for cases (b) S =1.0(d) S =0.0 (f) S = —1.0.
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Figure 3. Cont.
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Figure 3. Impact of M on f’(5) for cases (a) R = 1.0 (¢) R = 0.0 (e) S = 0.5, and of M on g(y) for
cases (b)) R=1.0(d)R=0.0(f) R=0.5.

The effect of Gr and M varying magnitudes on the components of velocity are de-
picted in Figure 4. The Gr chosen values are 0, 10,20, 30,40, 50, whereas those of M are
M = 6,8,10,12, 14, 16. The subplots of the left panel depict the f’(1) variation with varying
Gr for the cases: (a) S = 1.0 (¢) S = 0.0. and (e) S = —1. The right column shows the
f'(n) variation with varying M for cases: (b) R = 1.0 (b) R = 0.0. and (f) R = 0.5. The
left panel subplots display that the gradient in velocity distribution rises in all the three
cases with the increasing Gr values. The middle subplot of the left panel shows that the
velocity distribution increases at a higher rate compared to the injection or suction cases in
the first and the last subplots of the left panel. The right panel shows that the gradient in
the distribution of velocity lowers with the higher magnetic forces due to higher values of
M for the varying strength of the radiation source.

—

Figure 4. Cont.



Energies 2023, 16, 1220

9of 15

—— M=

025 —Ma g

— =10

—— M=12

——m=14|
M=15

(d)
03
— M6
025 e
— M=10
0s =12

L L L L L L L L L
o1 2 03 04 05 o6 07 08 09 1
ul

()

Figure 4. Effect of Gr on f'(#) for cases (a) S = 1.0 (¢) S = 0.0 () S = —1, and of M over f'(y) for
cases (b)) R=1.0(d) R =0.0 (f) R =0.5.

The impact of the varying strength of S and m on the velocity components is exhibited
in Figure 5. The selected values of S and m are 0.0,0.1,0.2,0.3,0.4,0.5,0.6. The subplots
of the left panel display of f’(#) variation with varying (a) S and (c) m. The right column
shows the variation of g(77) with varying (b) S and (d) m. The left panel subplots display
that the gradient in velocity distribution augments with the increasing strength of injection.
The subplot (c) shows that the velocity distribution has dual display with varying m.
Initially, the velocity distribution declines with enhancing m from # = 0.35 to 7 = 0.75, and
augments from 17 = 0.75 to 7 = 1.00. The right panel shows that g(17) drops with rising
strength of S and rises with increasing m values.

——s=01
——5=02
$=03

/—\ ==
Lo ~ ——s=05

N 506
04 g

5=1.0

o 01 02 03 04 05 06 07 08 03 1 0 01 02 03 04 05 06 07 08 08 1
n
n

(a) (b)

——m=0.1
—— 02

— 03
—— 04

4 ——m=05
05 \ m=06

(c) (d)
Figure 5. Dependence of (a) Son f' (1) (c) mon f' (1) (b) S on g(17) (d) m on g(17), respectively.
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The influence of changing strength of S, kr, M, and ® over the gradient in velocity dis-
tribution is shown in Figure 6. The selected values of S are 0.0,0.1,0.2,0.3,0.4,0.5, 0.6, and of
krare0,2,4,6,8,10, M are 6,8,10,12, 14, and &; = P, are 0.01,0.02,0.03,0.04,0.05,0.06. The
subplots of the left panel display the variation of f’(1) with varying (a) S (c) M. The right
column shows the variation of /(1) with varying (b) kr (d) nanomaterial concentrations
@4, O;. The left panel subplots display that the gradient in velocity distribution drops with
the increasing strength of injection. The subplot (c) shows that the velocity distribution has
dual dependence on the varying strength of M. Initially, the velocity distribution augments
with increasing M from n = 0.15 to # = 0.55, and drops from = 0.6 to 7 = 0.98. The
upper subplot of the right panel shows that the gradient in velocity distribution drops with
the increasing strength of kr and rises with increasing m values. Subplot (d) displays dual
dependence of /(1) over the increasing concentration of the chosen nanomaterials. For
smaller values of 7, the gradient rises, while it drops for # higher values.

(c) (d)
Figure 6. Effect of (a) S (¢) M (b) kr and (d) @1, ®; on f'(1).

The impact of varying strength of Ao, Ec, m, and Pr on the hybrid nanofluid tempera-
ture distribution is exhibited in Figure 7. The chosen strength of Ag are 1.5,2.0,2.5,3.0,3.5.4,
4.0,0of Ecare0.5,1.5,2.5,3.5,4.5,5.5, of m are 0.1,0.2,0.3,0.4,0.5,0.6, and of Pr are 0.1,0.3,0.5,
0.7,0.9,1.1. The subplots of the left panel display the variation of ®(7) with varying (a) A
(c) m. The subplots of the first panel display the temperature enhancement with the Ag
and Ec’s higher values. The enhancement rate of ®(7) with higher values of Ec is much
larger compared with Ay higher values. The subplots of the lower row show a drop in
temperature with the m and Pr increasing values. The dropping rate is more prominent
with the increasing Pr values. This prominent impact is due to the thermal conductivity
of the fluid because, when thermal conductivity declines, the motion of the nanoparticles
decreases, which further declines the particles’ interaction, and as a result, the migration of
heat reduces.

The impact of the varying strength of Q, Rd, S, and ¢ on the temperature distribution
of HN is plotted in Figure 8. All these subplots show temperature enhancement with
the enhancing strength of the associated variables, except with the increasing strength of
injection parameter. This reverse impact of the injection parameter is due to the increase
in the viscosity of the fluid which increases the inner molecular bonds’ strength, which
as a result causes a decline in the transfer of heat. Similarly, with the increase in the
nanoparticles concentration, the Brownian motion increases, which as a result increases the
transfer of heat.
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Figure 7. (a) Influence of Ag, (b) Sc on, (c) m, and (d) Pr on 6(7).
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Figure 8. Influence of (a) Q, (b) Rd (c) S and (d) ¢ on O(7).

The friction displays dual dependence on Gr.

Table 3 shows the variation of CfyRe)> along the x-axis with the changing values of
selected parameters. The friction enhances with the rising strength of M, ®; — ®,, and kr.

Table 4 shows the Nusselt number (NuyRe; *°) variation with changing values of the
selected quantities. The table shows that the heat transfer through convection enhances
with higher values of these associated quantities.
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Table 3. Depenedence of Cf,Re)® values with the varying strength of associated quantities [44].

M ‘Dl - (I)z kr Gr Cfx

0.1 0.01 0.1 0.1 1.35340
0.3 1.56322
0.5 0.02 1.61480
0.04 1.70841

0.5 1.81831

0.3 1.88298

0.5 1.80101

0.7 1.67691

Table 4. Dependence of Nu xRe;0'5 on different quantities [44].

@ — Dy M Q Rd Ec Pr Nu,

0.02 0.1 0.1 0.1 2 5.0 0.112352
0.04 0.266434
0.06 0.3 0.270780
0.5 0.410970

0.4 0.490223

0.8 0.611523

0.4 0.699960

0.8 0.823056

3 0.935024

4 0.999068

52 0.611976

5.3 0.634667

6. Conclusions

This section summarizes the current investigation of the selected HN migration be-
tween vertical plates in the presence of magnetic flux, a heat source and radiation The
right plate of the configuration is stretching, rotating, and is permeable. The fluid flow is
structured by coupled nonlinear PDEs satisfying appropriate boundary conditions. A set
of coupled nonlinear ODEs is achieved by using appropriate transformations. The final
system is solved with the help of the built in bv4c solver. The variation of state variables
with the changing strength of associated parameters is examined graphically and through
tables. This work may be extended to other models, and can be analyzed using different
hybrid nanofluids. As a limiting case, this work is carried out for a single hybrid nanofluid.
The concluding remarks are given as follows:

e Itis observed that the velocity distribution initially augments and then decreases with
increasing Grashof number values in suction as well as injection.

¢ The rising M values first augment and then drop the velocity distribution in the
presence of a radiation source of maximum strength.

¢ The increasing strength of the injection parameter drops the velocity distribution.

*  The temperature increases with the increasing Eckert number, radiation and heat
sources’ strength and nanomaterial concentration, and declines with the larger values
of injection and Prandtl parameter.

®  The skin friction rises with M and nanomaterial concentrations, and drops with the
larger Grashof number values

®  The heat energy transport due to convection enhances with the rising strength of the
pertinent parameters.
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Abbreviations

Following abbreviations are used in this study:

Y0 Porosity parameter

B Thermal expansion coefficient

Gr Grashof number

Q Heat source/sink parameter

Rd Radiation parameter

kr Rotational parameter

Ec Eckert number

kq Absorption coefficient

ky Rotational parameter

ol Stefan constant

o Electrical conductivity %

B(t) Time defendant magnetic parameter

By Magnetic field strength

(@) Rotation angle

Uy Stretching velocity %

Vw Velocity of suction/injection mass transfer -
Ohnf Hybrid nanofluid density (%)

Hinf Hybrid nanofluid dynamic viscosity mPa
Vhnf Hybrid nanofluid kinematic viscosity mTZ
Kpng Hybrid nanofluid thermal conductivity
Ohnf Hybrid nanofluid electrical conductivity
€1,€2,€3,€4,€5 and Ag  Dimensionless constants

Nuy Local Nusslet number

Rey Local Reynolds number

Crx Local Skin friction

Pr Prandtl number

T Fluid temperature (K)

Cp Specific heat (kgLK)

f Dimensionless velocity

g Dimensionless velocity

0 Dimensionless temperature

00 Condition at infinity

h Reference condition

x,y,and z Coordinates (m)

7 Similarity variable

t Time (s)

m Hall parameter

S Suction/injection parameter

Dy, D, First and second nanoaprticles volume fractions
HN Hybrid nanofluid

B.Cs. Hybrid nanofluid

PDEs Partial differential equations

ODEs Ordinary differential equations

M Magnetic field interaction parameter
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